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A.1

APPENDIX A

WASTE-MANAGEMENT SYSTEMS SUPPLEMENTARY DATA

Appendix A contains supplementary data on the waste management systems simulation and

related information. The data are presented in tables; types of data included are:

Waste Logistics Tables

Radioactive Inventory Tables

Heat Generation Rate Tables

Hazard Index Tables

Supplementary Dose Tables

Resource Commitments

Transportation Requirements

Supplementary Predisposal Cost Data

Supplementary System Cost Data

System Repository Requirements

Tables

A.1.1 - A.1.23

A.2.la - A.2.9b

A.3.la - A.3.9b

A.4.la - A.4.9b

A.5.la - A.5.2d

A.6.1 - A.6.3

A.7.1 - A.7.2

A.8.1 - A.8.4

A.9.la - A.9.6

A.10.1 - A.10.2

Brief descriptions of the types of data are given at the beginning of each section. The

associated tables then follow.

A.1 WASTE LOGISTICS TABLES 

The spent fuel logistics tables (A.1.1 through A.1.23) show the disposition and trans-

portation of spent fuel in metric tons of heavy metal (MTHM) as a function of time. These

tables correspond with the graphs of repository inventories shown in Chapter 7. A table is

provided for each of the cases analyzed in both the once-through and the reprocessing

cycles. Total waste quantities for disposal in the reprocessing cases are shown in

Tables A.1.21 and A.1.22. The age of the HLW at the time of disposal is shown in

Table A.1.23.



TABLE A.1.1. Spent Fuel Logistics for the Once-Through Fuel Cycle--Growth Case 1, MTU

No Repository

D1R11817011i
SHIPMENT 8MIPM1NT SMIPMENT

RfACTO1 REACTOR NEACTOR 41ACT04 TO APR 04 TO RECEIVING
TRAP DISCHAR8E, OTOR481 TO APR 41006ITORY INVINYORY 411106ITORY firAIPY$ INVENTOR:IP VEAR6 YEAR
••••  
MA 1160. P196, O. O. 0; O. 0; 0. 0.0 1940
1041 /760. sob. O. O. ot 0. 0, 0. 0.0 1981
106P O. 906, 0. O. 0, 0. 0, Oe 0.0 1962
1983 O. 90Sbe 06 00 O. O. 0, 06 0.0 1963
11110 O. 906, 0. 0. o, O. 0, 0. 0.0 1964
194P O. Coe. O. O. O. O. 0, 0. 0.0 1104S
188A O. 906, 0. 06 O. De 0 0. 0.0 1946
1987 O. 906. O. O. 0, 0.

,
0, 0. 0.0 1987

1118A O. 906. 0. O. 0. 0. 0, 0. 0.0 1948
14611 O.
teep O.
1•91 0.

906,
906.
9066

00
O.
06

0.
0.
Os

0,
O.
O.

O.
0.
O.

0,
0,
0,

O.
0.
n.

0.0
0.0
0.0

1989
1940
1991

199P O. 906, O. o. 0, o. o o. 0.0 1992
WIN O. 0•06. 0. O. o. D.

.
0, n. 0.0 1993

1990 O. 906. O. O. O. 0. 0, o. 0.0 1944
1994 O. 906, 06 06 0, O. 0, De 0.0 190
199A O. 106. 0. o. o. 0. 0, o. 0.0 1906
1991 O. 0906. 0. O. 0. 0. 0, o. 0.0 1917
111911 O. 906. 0. 0. O. D. 0, n. 0.0 1966
191111 O. 9996. 0. 0. o, 0. o, a. 0.0 1989
2000 O. 906. 0. 0. O. o. o. n. 2000
2001 O. 906, 0. 06 O. C. 0, O. 0.0 2001
100P O. 9*Sb e O. 0. D. O. 0, Os 0.0
1003 O. 9996, 0. Oe 0, O. 0, 0. 0.0 P003
2000 0,
too. O.
loo~ 0.
eoo, 0.
too, O.
too• O.
2010 0.
toil o.

9996.
9996.
906,
906,
906.
9936.
906.
906.

o.
0.
o.
0.
O.
O.
O.
O.

o.
o.
o.
0.
O.
O.
O.
06

o.
o,
o.
O.
o.
o.
O.
o.

0.
n,
D.
n.
O.
o.
O.
0.

0,
o.
0,
0.
0,
o.
0,
m.

n.
n.
0,
0.
n.
o.
a.
n.

0.0
0,0
0.0
0,0
o.n
0,0

0,0

POO*
loos
2006
2001
Pone
2009
2010
2011

20IP O. 906. 0. O. o. Ô. 0. o. 0.0 pole
201! O. 9056. o. o. o. o. 0a n, o.n 2013
2010 O. sou. O. 0. o. 0. co, Ô. 0.0 pole
2011 O. 906. 0. O. 0. 0, o. n. o.m Pols
201b O. 906• o• 0. o• o, o. co. 0,0 2016
2011 O. 906. O. 0. O. 0, 0, M. 0.0 2017
2016 O. 90%, O. 0. O. O. o, n, 0.0 2018
2010 D. sob, o. 0. 0. 0, o, n. 0.0 2019
2020 O. 9556. O. o. o. 0. 0a n. n.n popo
2021 O.
202P O.

gm..
9106.

0.
O.

0.
O.

0,
O.

O.
o•

0,
o,

ft.
n.

0,0
0,0

pop',
poea

20271 O. 99S6. O. o• 0. 0. o. o. 0,0 pops
2020 O. 506. o. O. 0, M. cl, n. 0.0 pope
2024 O. sese. o. 0. o. o. 0. M. 0,0 POPS
20/6 O. 9106, 0. 0. 0. 0. 0; 0. 0.0 Pope
2027 O.
2011. O.

906,
9956,

o.
0.

o.
0.

o,
oi

o.
o,

o.
o,

6.
n.

0,0
o.o

2027
2026

2020 O.
2030 O.
2031 0.
2037 O.

906.
90b.
eqs0.
906.

O.
0.
0.
O.

O.
o.
o.
O.

O.
o,
0.
O.

O.
o.
0,
O.

co.
o,
o.
o.

2.,,,
n.
n.

0.0
0,0
o.n
0,0

2029
2030
post
pou

203! O. 906. 0. O. o. o. 0; 0. 0.0 2053
2034 O. 906, 0. o. 0, 0, o. n. 0.0 /034
2034 O. 906. O. 0. O. O. 0 O. 0.0 2033
103A O. 906. o. o. O. O.

,
0, ft. 0.0 2036

103/ O. 9,96, O. 06 O. O. 0, n. 0.0 /027
103A O. We, 0. o. 0., D. 0. m. 0.0 2036
203e O.
soile o.

RAU 01PMENT8 •

99S6.
906,

O.
0.

0.0

0.
0.

0.0

0,
O.

O.
O.

0.0

0,
0,

Of
D.

0.0
0.0

2039
form

TRUCK 8mIPHINT8 • 0.0 0.0



TABLE A.1.2. Spent Fuel Logistics for the Once-Through Fuel Cycle--Growth Case 1, MTU

RFACTOR
YEAP DISCHARGE
ose a

REACTOR
PTORADE

sHIPmFNT
RFAC70R
TO AFR

SHIPMENT
REACTOR TO
REp08170$7

1990 Repository

APR
INVENTORY

SMIPMEN7
AFR TO
REPOSITORY

1980 1160,
tosi 2760.

706;
9936%

O.
0.

0.
0.

OR
O R

0;
0.

190? 0, 9936. o. 0. O R 0;
1961 O. 9996, O. 0. Os 0.
1984 O. 9061 o. o. 0. O.
196M O. 9616% o. o. OR 0.
1986 O. 9936% O. 0. O R O.
1987 O. 906, o. o. OR ,t)
19SP O. 9456% o. 0. O R O.
1966 0, 9956, o. o. O R 0,
1990 O. 9256% o. 700. O R 0.
199i O. 706% O. 1300. O R O.
199? 0; 34364 O. 2000. O R O.
1991 0. 3956. O. 2000. O R O.
1994 O. 2760% o. 1196. O R 0.
199F O. 0% 0. 1760. Os 0,
1944 O. 01 0. O. O R O.
1997 O. 0% o. O. Os 0;
199P O. O. o. O. O. O.
1994 O. 0% o. O. 0, O.
2000 O. 0, O. O. O. O.
2001 O. O. o. O. O. O.

RAIL SH7PmENTS • 0.0 2274.2 0.0

MO( SHIPMENTS • 0.0 2315.3

RF0F/P76

O
.
%
0,
0,
o%os
0%
O0.
%

0%
T00%
1300%
$000%
/0004
1196%
P760%

0i
0%
Os
0%
0%
O.

arrminTnRy

INVEN70R5;
  .. 

RECE/VING
We YEARS YEAR
 -Wale

n. 0.0 1960
0. 0.0 1961
o. 0.0 1962
o. 0.0 19P3
n. 0.0 19$4
Ô. 0.0 1963
0. 0.0 1866
n. 0.0 1967
o. 0.0 1968
o. 0.0 1989

700. 10.0 1990
2000. 16.4 1991
4000. 13.3 1992
6000. 14.4 1993
7196. 14.0 1994
99S6. 14.0 1995
9956. 0.0 1996
9936. 0,0 1997
9956. 0.0 1996
4956. 0.0 1999
9956. 0.0 2000
9936. 0.0 2001
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emirs
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TABLE A.1.3. Spent Fuel Logistics for the Once-Through Fuel Cycle--Growth Case 1, MTU

2010 Repository

REROGITORf
SHIPMENT SHIPMENT
REACTOR TO APR APR TO
REPOSITORY INVENORY REPOSITORY 11CRIPT4 TNVENTOR:4

Os 0, O.

RECEIVING
A82, YEAR6

 • 
0,0

YEAR
soya

REACTOR
RTORAGE

7196,

SmIPmENT
REACTOR
TO APR

Os
196/ 2760. 99E6, O. O. 0, 0,

0;
0%

Os
0. 0,0

1980
1961

19AP 0. 99560 Op O. 0, 0. 0% 00 0.0 1982
194% O.
194A O.

9956,
9956,

0.
O.

0.
o.

o,
ol

O.
0.

04
ot

O.
0.

0.0
0.0

1983
1999

1989 O. 9956. O. Os Os 0. 0% Os 0.0 198E
198h 0, 99E6. 0. Os 0, 0, 0% 00 0.0 1986
1967 0, 9956, 0. O. 0, 0. 0% O. 0.0 1987
196P Os 9956, 0, D. 0, 0, 0, 00 010 1988
1940 O. 9956„ O. Os Os 0. o, 15. 0.0 1989
199P O. 9956. 0. o. o. O. ot 0. 0.0 1990
1991 O. 9956, o, O. o, 0. O, o. 0.0 1991
199? O. 9956. o. 0. O. 0. 04 o. 0.0 1992
199! O. 99S6. o. O. Os o, 0, o. 0.0 1993
199D O. 9956, 0. O. o. 0. 0, o. 0.0 1994
149* O. 9956. o• O. o, 0, 0, 0. 0.0 1995
199p O. 9956. O. O. 0. O. 04 0. 0.0 1996
1991 O. 9956, O. 0. 0, 0, ot 0. 0.0
199' O. 9956, O. Os 0, Os Os n. 0.0 1:::
199* O. 9956. o. o. o, 0. o, o. o,o
200n O.
2001 O.

9956,
9956.

O.
O.

O.
0.

0,
O.

o,
O.

0,
Os

0.
O.

0.0
0.0 iiii

200? O. 9956, o. O. o, 04 04 04 0.0
2001 O. 9956, o. cf. 0, 04 04 041 0.0 :g::
200a O.
atooK 0.
em. 0.

906,
9956,
9956,

Op
o.
0.

00
o.
O.

0,
o,
o,

0,
o.
0.

0%
0,
0,

Os
o.

0.0
0.0
0.0

1004
toes

2007 O. 9956, O. O. O, 0. Os 0.0 :::/
200P 0, 99E6a 0s O. 0. 0, 0% 0.0 2008
200* O.
201n O.

99E6,
9256,

00
o.

O.
700.

O.
ot

0,
o.

04
'too, loli

0.0
38,0

2009
2010

2011 O. 7956. O. 1300. o, 0, 000% 36.4 2011
201? O.
2011 O.
20tA O.

5956,
3956.
2,60s

0.
O.
O.

loco.
2000.
1196.

o.
o,
o.

O.
0.
0.

p000s
t000,
11964

400e.
6000.
:06.

35.3
34.4
34.0

/012
2013
2014

201* O. o, 0. 17600 o, o. lo 60, 9936. 34.0 2015
201f O. ot O. Os 0, O, ot 9936. 0.0 2016
2017 O. 0. 0, O. 0, O. 0, 99E6. 0.0 2017
201P 0, 0, 0. O. 0, O, 04 9956. 0,0 2018
2010 0. O. 0, 0. 02 0. 02 9956. 0.0 /019
2020 O.
toe, o.

0,
0.

o.
O.

0.
0.

0,
0.

o ‘
0.

04
O.

9956.
9936.

0.0
0.0

2020
2081

RAIL SW7PMENTO • 0.0 2274.2 0.0

TRUCK SMIAMENTS • 2315.3



TABLE A.1.4. Spent Fuel Logistics for the Once-Through Fuel Cycle--Growth Case 1, MTU

2030 Repository

447466T AN/PNENI 0RTRNENT
RE1004170R:i

REACT0R REACTOR RE4CTM9 NEACTOR TO AF4 A44 TO REfffVf411
YEAR 01AfT600/
6.66  

ATOM TM AFP 44604ITORY INVENTORY REPOSTTOR, RR01,11079 04vRAIT0RC ASE. YEARS 0/AR
 ......0

1060 1160. 7196'; O. O. O. O. 0; n. 0.0 1900
1001 2100. 9956q 0. 0. 0. 0, o, n. 00 1961
190P O.
insi O.

906,
9,96.

O.
0.

O.
0.

O.
0.

O.
O.

0,
o.

O.
o.

0.0
00

test
1963

144A O. 906, O. O. O. O. 0, O. 0.0 1964
1964 O. 906, O. O. 0, O. o, O. 0.0 100
196T O. 9076, O. Os O. O. 0, A. 0,0 1946
19S7 O. 906, O. D. O. 0, 0, n. 0.0 196,1464 O. 906, O. O. 0, 0. o. o. 0.0 vast
196. 0. 9956, 04 1. 0, 0. 0 n. 0.0 1964
1440 O. 906, O. O. O. O. 0; O. 0.0 1990
1041 O. 9456, O. O. O. O. 0, O. 0.0 1941
1997 O. 906, O. O. 0, 0, 0, O. 0.0 100
1007 O. 906, O. Os O. O. 0, O. 0.0 1003
1496 O. 94361 O. 0. 0, 0, 0, O. 0.0 1004
1094 O. 906, O. O. 0. 0, ci, 0. 0.0 190
1006 O. 406. O. O. O. O. 0, O. 0.0 1996
1491 O. 906; O. O. 0, O. 0, O. 0.0 1007
1904 O. 906, O. O. O. 0, 0, O. 0,0 1046
1904 O. 906. 0. o. 01 o. o, 0. 0.0 1949
1000 O. 906. O. O. 0, O. 0, O. 0,0 /000
2001 O. 906, O. O. O. O. 0 O. 0.0 2001
200P O.
tool 0.
loon o.

9996.
Cos,
9096,

0.
0.
o.

0,
0.
0.

0.
0,
0,

0,
0,
O.

,
04
0,
0,

0,
0.
O.

0.0
0.0
0.0

2002
/003
1004

Mg 0.
toot. o.

900,
0906.

o.
O.

0.
O.

0.
o.

0,
o.

o,
04

n.
0,

0.0
0.0

1009
2000

2007 o. 906, o. o. 0. 0, o, o. 0.0 /007
20041 O. 906, O. O. 0, O. 0, n. 0.0 ROOS
Moe O.
toto 0.

9430,
9996.

0.
0.

o.
0.

0,
o.

0.
0,

0,
o

n.
n.

0.0
0.0

gooll
/010

2011 O. 91%, O. O. o. o.
,
0, n• 0.0 2011

201p O. 906, O. O. O. O. 0, n. 0.0 2012
201R O. 9096, O. O. 0, O. 0, O. 0.0 2013
2014 O. 906, O. O. O. O. 0, O. 0.0 2014
20114 O. 9956. O. D. O. O. 0, 0. 0.0 /01S
101(. O.
tot? 0,

906.
'Oh,

o.
o.

O.
O.

o.
O.

0,
0.

0,
0,

n.
O.

0.0
0.0

1016
ROST

2014 O. 906, O. O. 0, 0, n. 0.0 tots
Iota 0, 906. O. O. :: O. 0, O. 00 2019
202n o. 900, o, o. o. 0. 0, O. 0,0 2020
202, O. 900, O. 0. o, o, 0, 0. 00 1021
MP O.
loll O.
tots 0.

906,
9046,
0096,

O.
o,
O.
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o.
O.
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o.
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O.
O.
O.

0,
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O.
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O.
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00
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202! O. 906. O. O. O. 0, 0, O. 00 POPS
2026 O. 906„ O. O. O. O. 0, O. 0.0 /016
2027 O. 9.156, 0. o. o; O. 0, O. 0.0 /Orr
EOED O. 906, 0. 0. o, o. o, O. 0.0 10E8
Into O. 906, O. o. 0. O. 0, 0. 0.0 t019
1030 O. 9296, O. 700. 0, 0, 700, 700. 99.0 2030
2031 O. 70s6, 0. 1300. o. 0, 1300, 2000. WA 2031MP O. 3064 O. t000. o, O. o000, 4000. 33.3 tom
1033 O. 306, O. a000. n, 0, 2000, 6000. 94,4 1033
/03D O. 2760, O. 1196. O. O. 1146, 7196. 94.0 1030
2039 o.
to3o O.

Oq
0,

O.
0.

2760.
O.

0,
0•

O.
O.

4,760,
0,
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go.o
0.0

1033
PM

1037 O. o, O. O. 0, 0, 0, oeSs. o.o 2037
202. O. 0, 0. 0. 0, 0. 0 •4134. o.o /076
1035 0.
twin O.
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Mr.( $01101EN7E •
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TABLE A.1.5. Spent Fuel Logistics for the Once-Through Fuel Cycle--Growth Case 2, MTU

No Repository

RFPOSITDR;
SHIP5ENT sn!rmENT
REACTOR TO APR Arn To 4REEEVING

AFP REPOSZTORY IN9EN:inftY REPOST701,1 RIERIPT4 !AlvENTo4!.. A6E. YEARS YEAR

ŠHIrnrNT
PEACTOR REACTOR
0090E to

1.11011.

160. 706; o. O. 0, O. 0; 0. 0,0 1940
1081
loop

1St.
132.

11340,
9441.

O.
0.

O.
0.

0,
0,

O.
O.

0,
01

O.
0.

0.0
00

1941
VW

1443 172. 9704, 449, O. 949; o. o. n. 0.0 1943
1044 143, 0494, gag. O. 1807, O. 0; n. 0.0 1944
1085 1ST, 0090, 056. O. 2943, O. 0, 0. 0.0 1945
104A 116. On90, 116. O. 4049, O. 0, n. 0,0 1046
1047 100, 0161, 132. O. S2o1, O. 0 n. 0.0 1907
104A 224, 0214, 172. O. 6373, O. 0, M. 0.0 1948
1944 153. 0226, 101. O. 7514, n. o. 0.0 1111
1000 114. 0226. Ws. O. 46p4, O. :4 n. 0.0 0190
140! 170, 0240; 116. O. 4764. O. Ot o. 0.0 1941
104, 241. 0321, 144. O. 10094, O. O. M. 0.0 1492
1091 124. 0314. 112. O. 1261, O. 0, n. 0.0 1943
1940 164. 0331, 143. O. 13203, O. Ot n. 0.0 1044
1045 130. 0140, 114. O. 14347, O. 0, O. 0.0 1905
1900 224. 0403. 170. O. 155.4, 0. 0, n. 0.0 1996
144? 146. 002. 127. O. 1664a, O. 0, O. 0.0 1497
1040 143. 0441. 1P4. O. 17740t O. 0, n. 0.0 1948
1090 119, 0472. 138. O. IA40, O. 0, D. 0,0 1009
1000 193. Ogan. 124. O. 200,1. O. 0, n. 0,0 20n0
2001 202. 0474, 168. 1. 21149, O. n, n. 0.0 2001
200P
2007

124,
040.

0474,
047a.

124.
040.

O.
O.

22313,
23392,

n.
D.

n,
n

n.
m.

0.0
0.0

2002
P003

2004 035, 0g7at 015. O. 24347, D. 0: n. 0.0 2004
2003 118. 0,74, 118. O. 25SnS, n. 0. n. 0.0 2003
2000 966. 047a, 066, O. 2A471. 0. 0, n. 0.0 2006
2007 010. Oita, ni0. O. 27441, n.

re:
n. 0.0 2007

2000 946, 01174. 406. O. 24447, n, n. 0,n 20n8
2000 032, 0g7a, n32. n. 794.9. O. 0, n. 0.0 2009
2M1n 125. 009. na0. 1. 10514. 0. o. m. 0.0 2010
2011 066. 0714, 066. 0. 11Sn4. o. 0, n. 0.0 2011
2012 102, 0441, ni0. I. 12514, 0. n, n. 0.0 2012
2011
tolr

046.
262. 1142.

006.
n12.

O.
0.

115n0.
19392.

n.
0,

n,
0,

n.
m.

0.0
0.0

2013
2014

2014 639, 1n61, 993. o. 11444. n, n. n. 0.n Poo
2010 344, 100, 444. m. 16079. n. 0. n. no 2016
2017 464, 1063. 454. n. 1640. D. M. n. 0.n 2017
2010 310. 1n61, 110. n. 3670, n. 0; n. 0.0 2018
2010 O. 1161. 0. n. 36707. 0. 01 n. 0.0 2019
202M D. 11163, O. 0. 1670, 0. 01 n. 0,0 2020
2021 D.
2022 0,
2021 D.
zero D.
20114 O.
tOPA D.

1061,
100.
1n61,
1n61.
In63,
1,161.

O.
O.
O.
o.
O.
O.

0.
n.
n.
n.
n.
O.

3670,
16701
1670,
36797.
3670;
3670.

O.
n.
D.
O.
n.
n.

0,
o.
0,
0,
n.
0.

n.
n.
n.
n.
n.
n.

0.0
0.0
0,0
OA
0.0
0.0

2021
20,2
2023
2024
POPS
P026

2027 0.
2020 D.
2020 o,

1nblt
In6l,
100.

O.
O.
O.

n.
O.
O.

36767;
1670,;
16747.

n.
n,
n.

0.
n.
n.

m,
n„
m.

0,0
n,n
0,0

no?,
2026
2029

203m o.
2031 o.
2032 o.

1061,
1063,

O.
O.
O.

O.
O.
n.

36747,
167.1,
3670.

O.
o.
o,

Ot
nt
n t

n.
n.
n.

0.0
0.0
n.n

2030
2031
2032

2034 0:
20311 O.

1163,
Inbl.

O.
O.

O.
O.

16747;
16747,

o.
O.

ot
O.
 n,

n.
0,0
0,0

p033
2014

2031 o. 1663, O. O. 36747, o. ot n. Do 203S
2036 O.
2037 D.
2031 O.
2030 O.
noon o.

1(163,

1061.
103,
1n63.

O.
O.
O.
o.
O.

O.
0.
O.
O.
M.

/6747,
36747,
16747,
36707,
16747,

o.
0.
n.
n.
O.

Os
O.
0,
0,
0„

n.
n.
n.
0,
0.

0.0
0.0
00
0.0
00

2036
2037
P018
2010
2040

11411 8NTA5EN74

Timm( SmIPRENTS •

Ban4.5

8557.6

0.0

0.0

0.0



YEAP
REACTO4
OTSCHAROE

TABLE A.1.6. Spent Fuel Logistics for the Once-Through Fuel Cycle--Growth Case 2, MTU

1990 Repository

REACTOR
STORAGE

••••••  

1980 1140, 71961
1118, itsa. 8349,
198? 1132. 9401e
1984 1172. 9704.
1944 1243, 9696;
1984 1137. 10099.
1986 1116. 10094;
1987 1194. 10161.
1984 1224. 0E14.
1980 1153. 10226,
199r 1114. 10226.
199i 1170. 10096.
199? 1241, 9643,
1994 1124. 10318.
1994 1144. 10516.
1994 1130, 10423.
1996 1224. 10390,
1997 1196. 996P.
1994 1143. 911E.
1994 1119, 9427,
2000 1193. 1064ft.
200/ 1202. 9742.
200P 1124. 8686.;
2004 1040. 7426.
200a 1035. 6961.
2004 1118. 6074,
2006 966. 5E8E.
2007 1010. 51.44,
2004 986. Si14.
2004 1032. 5112.
1010 1125. 311A,
101/ 1066. 5114,
201? 1102. 5310.
201 1086. S410,
2014 1262. 5640.
2014 834. 5350.
aost 544. 4629.
2017
lois

496.
310.

4019,
3409.

2014 O. 2167.
2020 O. 1317,
202/ O. 761111
202P O. 310.
2023 O. 0,
20/11 O. O.
20Vg O. 0,
2011. O. 0.

SHIPMENT
REACTOR
70 APR

SHIPMENT SMIPNENy
REACTOR TO AFR APR 70
REPOSITORY INTENORY REPOSITORY R4C4IPTS

.
O. Oa 0, 0; 0:
O. O. 01 O. 0,
O. O. O. 0. 0,

949. O. 9a9, 0, 0,
949. O. o, 0%

O. 2473: O. 04
lit:7:: O. 4069, 0, 0,

O. 52o11132. . 0, o,
1172. O. 63i3,

, 
0. 0 A

75i41141. O. o. o,
614. 700. 79E8. O. 700,
o, 1300. 79,4. O. l300,

tggg:
O. 7704 206.1794.
52. 607.1,

1030a 5246, 
I663.

4000,
1114.

11111416!1 

430, Oon,
948. 35E1. 

1:3!!!
4000,

O. 31644 
1830.

4000,
O. 3146, 6, eJON
o. 1841, 1296. 2000,1. it. 2000,
O. 1. 2000,
O. 1. 

142214

O. 4000.
O. 

20090.
O. 1. E000,

O. ::::: 0; 0, 2000,
O. 2000. O. O. 2000,
O. 1763a O. O. 1763,
O. 1124• 0, O. 

iti:::O. 1040e ot 0. f 
O. 

qIii 

O. O. 103S,
O. o, 0.
O. O, O. 1116::
O. 1010. 0, O.
O. O. 0, 

1010.
986. 986,

O. 1032. o, o, i031,
O. 1125. o, O.
O. 0, O. 
o. 

1046.
o, o, 

114::

o. 
1102.

o, o. 
1102,
1046,

O. 
1086.
1262. 0, O. 1262,

O. 834. O. 0, 634,
O. 294. 0, O. 640„
O. 456. 0, O. 9564
O. 0. O. 3104
0• 0. o. 0,
o. 0, o; 0.
O. 

I

0. O. 0.

SAIL SHIPMENTS • 151083 6403.: 140.6
TRW( SMIPMENT$ • 1976•1 6353.2

REPOSITOR:i

INYENTMRi;
RECEIYINO
40E. YEARS

 • 
YEAR
.....

o. 0;0 1980
M. 0.0 1941
o. 0.0 1982
M. o.o 1943
O. 0.0 1984
n. 0.0 1943
O. 0,0 1966
0. 0,0 1967
O. 0.0 1988
O. 0,0 1989

700. 18.0 1900
2000. 16.4 1941
s000. 13,3 1992
6000. 14.4 1993
4000. 19.7 1994
10001. 12.9 1995
12000. 12.2 1996
14000. 11.5 1997
14000e 10,8 1908
16000. 10.1 1999
P0000. 9.4 1000
22000. 8.7 2001
44000. 6.0 2002
26000. 7,2 2003
24000. 6.6 2004
40000. 5,6 2005
31763. 5.2 2006
42887. 5.0 2007
93426. 5.0 1,006
14941. 3.0 2009
36079. So 2010
3704S. 5.0 2011
48054. 5.0 2012
19041. 5,0 2013
40074. 5.0 2014
41196. 5.0 2015
42,63. so 2016
43365. 5.0 2017
44451. 9.0 2016
43713. 3.0- 2019
461546. 5.0 2020
47092. 9.0 2021
47550. 5.0 202A
47640. 3.0 2023
4T660e 0,0 /024
416008 No 2025
41660. 0.0 2026



TABLE A.1.7. Spent Fuel Logistics for the Once-Through Fuel Cycle--Growth Case 2, MTU

2010 Repository

RpAcTOR
YEAP 016c54461
••••  

REAGyOR
87024SE

t4464FN7
424CTO9
Tn AIM

SHIPMENT
REACTOR 70
REPOSITORY

Ara
INYENJ.047

SH/PMENT
444 70
4E00817047 9PCPIPTS

RPP(187701q•

INNENTORy
22C21714$
ABU YEARS YEAR

198ft 1160.
196, lisa.
196? 1132.

7i96t
6349.
9481,

O.
O.
O.

O.
O.

O.
0;
0 ,

o,

o
o,
.

o;
0,
0,

O.
O.
O.

0.0
0.0
0.0

1980
1981
1982

1963 1172. 9,0a. 440. O. 949. o. 0, O. 0,0 1983
196o 1243. 9996. 040. O. 1847. 0, 0, O. 0.0 1944
198P 1151. 10094, 056. O. 2993, 0, 0, O. 0.0 1989
196f 1116. 10099. 116. O. 4069„ 0. Os O. 0.0 1986
1967 1194. 10141„ 132. O. 32,41. 0. Os O. 04 VW
1961 1224. 10214, 172. Os 6333. 0. 0, O. 0,0 1988
1964 1153. 1012f, 141. 0. 7314. 0. 0, m. 0,0 1989
1990 111a. 10224.. 114. O. 8628. 0. O. 0.0 1990
1991 1170. 10p60, 119. 0. 9744, O. :: O. 0.0 1991
199? 1241. 10327, 194. Oa 10918. 0. 0, O. 0.0 1992
199! 1124. 10318, 132. O. 12031, 0, 0, O. 0.0 1943
1990 1168. 10333, 153. O. 132p3. 0. 0, 0. 0,0 1994
199P 1130.
199f 1224.

10349,
10403t

114.
170.

O.
O.

14397.
15568,

o.
O.

0,,
0,

O.
n.

0.0
0.0

1996
1996

1997. 1196. 1047?, 127. O. 16644, O. 0, O. 0.0 1997
1991 1143. 10491, 124. O. 17799, Og 0, O. 0,0 1996
1990 1119. 10472, 138. O. 18847. 0. 0, 0. 0.0 1999
2000 1193. 10,640. 1?9. O. 200,1. O g 0, O. 0.0 2000
2001 1202. 10s74, 166. O. 21149, 0, 0, O. 0.0 2001
200? 1124. 10576. 1?6. O. 2.2313, Og 0, O. 0,0 /002
2003 I040. 100376„ 040. O. 23392, Og 17, 0. 0,0 2003
200a 1033. 10574, 035. O. 243.7, O. Og 0. 0.0 2004
WI 1118. 10974, 118. O. 25505. O g 0. 0.0 2003
200! 966. 10374. 966. O. 26431, O. :‘ O. 0,0 2006
Roo, 101o. 103741 010. O. 274a1 Og 0, O. 0,0 1007
2008 986. 10574, 086. O. 2440 , Og 0, O. 0.0 2006
2006 1032. 10574, 032. O. 29449. 0, O. 0,0 2009
2010 1123.
aoil 1066.

10639.
10425,

340.
O.

100.
1300.

P9696.
29838,

O g

Og

700,

floo,
700.
2000.

38,0
36.4

2010
2011

2011 1102. 9733, O. 1794. 29693. 206. ;coo, 4000. 33.3 2012
201! 1086, 10482, O. 337. 27969. 1663. p000, 6000. 34.4 2013
2014 1262. 11063, 544. 137. 24691, 1463, p000, 2000. 23,7 2014
2015 834. 11063. 823. 11. 288.s. 1480, 4000, 10000. 32.9 2015
201f 544. 11063, 438. 106. 2414,9, 1694. 1000. 11000. 31.1 1016
2017 438. 11063. 419. 39. 21447, 1961, P000, 14000. 310 2017
2011 310. 11063, 263. 44e 20747, 1952, P000, 16000. 30,8 2016
2010 O. 11019, O. 44. 14641, 1936, P000, 19000. 30.1 2019
2080 O. 11019, 0. 0. 16841. 2000. p000, 20000. 29.4 2020
2021 O. 10903, O. 114. 14995; 1486, '000, 18000. 28.7 2021
202? O. 10173, O. 31. 12947. 1969, o000, 24000. 280 2082
2021 O. 10808, O. 65. 11052, 1935, /000, 26000. 27,1 8013
2024 O. 10660. O. 148. 9260. 1852, ;000, 24000. 86.6 2024
2015 O. 10514, O. 147. 7346. 1653. P000, 30000. 22.6 2021
202' O. 10119, O. 294. 5641, 1704, i000, S2000. 25,1 20/6
2027 O. 10073"

O. 144. 3705, 1496. '000, 34000. 24.4 2027
201P O. 9344, O. 726. 2911, 1/74, 2000, 26000. 22,5 2026
8029 O. 7373, O. 1976. 24.7, 24, P000. 74000. 22,9 2029
2030 O. 5479, O. 1494. 1901, 906, p000, 40000. 21.5 /030
2031 O. 5070, O. 809. 760. 1191, o000, 62000. 20.7 2031
203? O. 3P51, O. 1319. 169; 481. p000, 66000. 19.8 2032
203! O. 1460, O. 1891. .0. 100, 8000, 46000. 19,1 2033
2030 O. 0, O. 18604 .0. 0. T360. 47860. 17.6 2034
2031 O.
2034 O.

0.
O.

0.
O.

0.
o.

.0,

.o.
0,
O.

0 t
O.

47860.
47860.

0,0
0.0

1033
2036

RAU oMpPmENT8 • 7383.9 3548.6 7037.9

TRU04 SwIPMENTS • 7317.3 3612.8



A.9

TABLE A.1.8. Spent Fuel Logistics for the Once-Through Fuel Cycle--Growth Case 2, MTU

2030 Repository

RFACTOR
EAR OrSCHARGE

PEACrOR
syneAGE

RHIPNENT
REACTr1R
TO ACP

5m100E4T
REACTOR TO
REPOSIT047

4FQ
INVENTORY

44TRMENT
APR IT
2F2n4TT04v 44C4711174

42PrSTT04i

revEIATRIR;
RECETYTNO
ACE, YEARS YEAR

940 160, 7,46, O. 0; o. 0; n. 0,0 1940

981 IS?. 8440, O. 3. O. 0, 0, 60, 0.0 1941
944
4$111

132,
172,

9481,
9704,

O.
949,

O.
O.

n.
944.

O.
O.

0.
D.

M.
n.

0.0
0.0

1942
1983

940
90
946

243,
157,
116,

904,
10094,
11099,

449,
016..
116.

0.
0.
0.

1847,
2943,
40.9.

n.
O.
O.

n,
1,
0,

1.
0,
r.

0.0
0.n
0.0

1944
085
1946

42,
96A

104,
224,

10161.
1014,

112,
172.

0.
0.

5261.
.371,

O.
C.

0,
M.

n.
m.

0.0
0.0

1947
11948

940
99n

153,
114,

10426.
10226,

141.
110.

0.
o.

7514.
4674.

0.
O.

O.
0

m.
).

0,0
0.0

1949
1990

991
994
.90
990
99s

170,
241.
124.
164,
130,

t0240..
)0322.
1011A,
10331,
10440.

116,
144,

132.
153.
114.

O.
0.
0.
0.
0.

9744.
n948.
2071.
3223.
43.47,

0.
o,
O.
0,
0,

0,
o.
O.
0 
O.
,

n.
n.
A.
0,
 1.

00
0.0
00
0.0
0.0

1941
1992
1943
1994
1994

496 224, 10401. 170. 0. 5908, O. O. m. 0,0 1996
997 196, 10474, 1P7o Oe 661)4, n. 0, n. 0.0 1997
994 143, 10491. 124. 0. 7749, 1. 0, n. 0,0 1998

990 119, 10472. 138. O. 9897, n. 0, A. 0.0 1999
000 193. 10540. 1p4. O. 200,1, n. O. n. 0.0 2000

001 202. 10.514. 168. o. 21149, 0. 0, n. 0.0 2001

00P 124, t0e74. 1p4. O. 223,3, O. 0, O. 0.0 2002

001 040, 10574, 040. O. 23342, 3, 04 0. 0.0 2003

004
000
Oft.

035,
10,
966,

10574,
10574.
1,05111.

115,
118,
466.

O.
0.
o.

24347.
25515,
26471,

O.
O.
O.

04
0,
0,

O.
n.
n.

0,0
0.0
0.0

2004
2015
2006

007 010, 10574, 010. O. 27441. 1. O. n. 0.0 2007
004 986, 10574. 946. O. 240.7. 1. O. n. 0.0 2008

004 032. 0574. n32. Do 29499, 0• o. m. 0.0 2009

010
011

125.
066.

10640,
10154.

040.
0.6.

O.
O.

30399.;
113m4,

n,
O.

o.
0,

n.
n.

0.0
0.0

2010
2011

014 102, 1010). 0)0. O. 325ia, o. 0, 1. 0.0 2012

017 046, 10452. 946. O. 335no, 0, 0 n. 0.0 2013
014 262. 11142, 032. O. 34512, o• ft, n. 00 2014

015 834.

016 544,„
11063.
11n63.

03.
144,

O.
0.

11445,
36049,

O.
O.

o,
O.

n.
n.

0.0
0.0

2015
4016

017 458,
01P 310.

11063.
11n63,

458.
310.

Do
Oo

3607.
3h707,

0.
J.

O.
0,

0.
O.

0,0
0.0

2017
2018

010 D. 11063, O. O. 3.747.; 0, 0, O. 0.0 2019
020 D.
021 p.

11n61,
11063,

O.
o.

Do
0•

16747,
36747.

0.
O.

O.
n;

m.
O.

0.0
0.0

2020
2021

022 D. 11063. 0. O. 16707, O. 0, 1, 0.0 2022

027 D. 11063. O. Os 36747, O. 0, n. 0.0 2023
02a 0, 11063. 0, O. 3.707, O. 0 . n. 0.0 2024
024 0. 1 1163, o. Oo 36707, 0. O. n. 0.0 2025

02h O. 11165, o. O. 1.707, O. 0; n. 0.0 2026

027 0. 11063, 0. Oo 36747, 0. 01 O. 00 2027
024 0. 11063. O. O. 1.747, O. O. no 0.0 P020
020 n, 11063: n' 10747: 0: fl, 0: 0,1 2029
030 O. 10363, o. yln. 3.747, o• 700, 700. S8.0 2030
031 D. 9061• O. 1300. 36707, O. 000. 4000. 16.4 2031
03610 O. 7p64, O. 1794. 1.5612. 206. 20001 4000. 55.3 2032
033 O. 032: O. 337. 34949, 1663, 40004 6000. 54.4 2033
034 D. 6794, n. 137. 130.6, 1e63, 2000. 4000. 53.7 2034

03F O. 6783. O. 11. 31077, 1949, 2000. 10000. 32.4 203S
036 O. 6677, O. 106. 29143, 1014, 4000. 12000. 42.2 2036
037 O. 6634, o. 3q. 27202, 1461. P000. 14000. 51.5 2057
03F 1, 6490, o. 4R. 25270, 1952. 2000, 16000. 400 2038
030 O.
040 0,

654.,
6546,

O.
O.

44.
0.

233,4,

21314.
1956,
2n00.

P000;
2000,

14000.
20n0n.

50.1
49.4

2039
2040

041 0. 643?, O. 114. 194,4, 1486, 4000, P2000, 48.7 2041
042 O. 6401, O. 31. 17449, 1969. 4000, w00. 480 2042
043 n. 6136, O. 65. 155,4, 1935. %o00, 26000. 41.2 2043
040 o. 6168, Ô. 148. 136+2, 1912, 2000. 24000. 46.6 2044
00 D. 6141, o. 147. 1150, 1033, 2on0, 40000. 00 2043
046 n, 5747, O. 294. 1010, 1706, 4000. 42000. 48.1 2046
047 O. 5603, O. 144. 420, 1956. 2000; 44000. 44,4 2047
040 n. 5127, O. 76. 6343, 1424. 2000, 46n00. 43.5 2048
040 0. 5522. O. 6. 4399, 1494, P000„ 14000. 42.3 2049

050 O. 5522. O. O. 4324, 2000. p000. 40060. 41.5 2050
051 O. 4957, O. 564. 903, 1436, 4000. 44000, 40.7 2051

05? O. 3731. O. 1226. 10, 770, P000. 44000. 390 2052
057 O. 1460, O. 1871. .o. 129. vono, 46000. 39.1 2053
054 O. o: O. 1860. .0. 0. 060. 47460. 37.8 2054
05F n. n. O. O. .o. o. 0; 47e6n. 0.0 2055
056 1. n. O. Oo .o. 0. O. 47468, 0.0 2056

Art swrpmE.TS 8405.5 2527.0 4034.4

Rurtt Sod/RM6NTS • 4957.6 2572.7



TABLE A.1.9. Spent Fuel Logistics for the Once-Through Fuel Cycle--Growth Case 3, MTU

No Repository

YEAR
Ow • •  

4p4oTOR
0I6C6460E

REACTOR
ft7n9AGF

6M/PHFNT
PEACTOP
YO AFP

SHIPMENT
REACTOR TO

REPOSITORY

AFR
INVEN7047

6mTPHENT
AFR TO
REPOWORy 0pOrYPTA

421Dner7nR;

TNNFNTn4;0
REOETN/NG
AGE, 7E08 7E4w

1968
1944

1160.
1262.

7196.
8474.

O.
O.

O.
o.

0;
O.

0,
O.

0;
0.

n.
n.

0.0
0.0

1940
1941

1962 1486. 9464, O. o . O. O. O. n. 0.0 1942
1087 1770. 10756. ga9. 04. 009, 0. 0. n. 0.0 194]
190 2154. 1 101. 444. 0. 1867, O. 0, n. 0.0 1944
1469 2335. 13471. n56. O. 2,/. 0. 0, n. 0.0 045
1464
1967

260S.
2630.

1 4696,
16436.

20e.
160.

Os
0. '51 :7:

0.
n.

O.
n.

n.
n.

0.0
n.n

1966
19A1

1944 304S. 16099. ?Pe. Ö. n. O. n, 0.0 19AS
1940
199r,

3159.
3368,

1977P,
p1370.

4P6.
770,

Of
O. iii,

n.
O.

0i
n.

m.
0.

0.0
O.n

1949
1°90

199i
199?

3646,
0511.

22a6P•
P9184.

P154,

2135.
O.
n.

iliail;. 5 

O.
0.

0%
0,

n.
n.

0.0
n.0

1991
1992

1999 393P. 25717. 260S. . n. 0. n. 0.0 1993
199a
190

4235.
4180,

21121,
28457.

p490.
3n05.

O•

n.
197.5.
2070.

O.
0.

0,
0,

P.
r.

0.0
n.n

1904
005

1994 4594. p9a56. 3199. O. 25949. O. 0, n. 0.0 1906
1997 4854, 31971. 330. Do 24397. 0, 0. 0. 0•0 1907
1492 5063, 3204. 1696. Û. 130m1. n. 0; n, n.n 1908
1999 S303. 54454. 3698. 0. Û. n. n. 0.0 1999
200r, RS44. 45015, 3939. n. 407t2A. n. 0, m, 0.n POMO
2001 SAS4, 47534. Os

ih e::::;17i,

n. m, m. 0.0 POMI
2002 5752, 1806. 4180. O. 04 n, 0.0 POM2
2nr17 574g, a0n67. 4188. Os n•

r'n:
n. pOn3

2(104
2005

6492.
S766.

40005,
41449,

4450.
50113.

O.
0.

RA840. O.
0. 0*

m.
n.

0.n
n.n

POn4
pOn5

200P
2007

5627.
S727,

41412.
42040,

51(r3.
5949,

Om
Om 744::r9':

O.
r,

n,
n.

n,
n.

n.n
n.0

pOn6
?On?

2n04 S647, 4204n. 507. 0.
:27:::

n, n. n, 0.0 Pone
2000 572S. 42,173. S642. Os n, n. n. n.n ?Ong
201n 5786. 42095. 1746. 011

:4: 14
O. n. n. 0.0 P010

2011 S631. 42100. 407. 0. n. n m. n.n P011
2017 S700. 4209, 5721. O. In1261.

n•
n: m. 0.0 20i2

2017 14669. 42122. 5627. O. imA4.4 n. n. n. 0.0 2013
201P 1146. 62143, 572S. n . 114601. 0. n. 0„ 0.n 2014
2019 1182. 4201. S1P4. n.

ilp°4470:
0. m. 0,n POIS

POIP 043, 42101. 403, 1. l 0. :71: n. ?Otto
2017 4•SP. 42191. 4496. 12°674. n. 1, m. 0.0 2017
2010 4570. 42101. 4570. . 1142:14, O. n t n. 0.n 20111
2019 431 9. 42191. 4113. n. 17P598. n. 0, n. n.n P0,9
2oPr 44SS. 0201. 469S. n .

11:41!!

n. 0; n. 0.0 ?020
2021
toPP

4786.
4617,

420i.
4201,

4746.
1526i7.

n•
n,

n,
n,

n•
n.

n.n

0.0
2071
?0?2

2029 4944, 4201. 4543. n. 0, n, m. 0.11 ,023
2n2p 4150. 4201. 4i5o, n. 161310. 0. 0. n. 0.n ROR4

4744, 4201. 3729. 0. n, n. n. 00 ?025
2nPi. 3374, 4201. 3175. 1. ::::Z04: n, n. n. n.n P026
20?7 3224. 42.01. 1,p4. 0.

171 

n. 0. r. 00 ?0?7
2024 2944, 4201. p044. 3. 174::/: 0% 0; n. 0.n POPS

to3n
2613.
2596.

4214i.

4201.
P40.
744P,

1,

:tang:::

n.
n.

n, n.
n.

n.n
n.n

P029
2030

2031
2034

2353,
226R.

42191.
92191,

P1”.
PP68.

O.
n. 11:=.

n.
n.

(I:
n

n,
n.

0.n
n.n

P011
P012

2031
2014

2033.

161R.
420i,
42191,

Pn33.
1414.

0.
o.

illiniiii

M.

O.
H:
0.

n.

n.
0,0
00

2033
POS4

2039 1732. 4219j. 1732. 3* n. 0, n. no 2015
203P 1910. 42i91. 1410. 0. 1920,1, O. 0, n. 00 2036
2037 1519. 4201. 1519. 19359r, O. 6, ft. 00 2037
203P
2030
2040

1265,
1194,

752.

42191.
4201,
42191.

1265.
110.

752.

0.
O.
O.

1::::::
194841.

O.
n.

0.

O.
0,
0

M.
M.
m.

00
0.0
o.n

2018
2039
p040

2041 O. 42191. O. 0. 1968m1, O. 0: m. 2041
RATI. 4m7PHENT4 • 44454.5 0.0 0.0

?Runic SwIRMENTS • 45767.6 0.0

2>
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TABLE A.1.10. Spent Fuel Logistics for the Once-Through Fuel Cycle--Growth Case 3, MTU

1990 Repository

REACTOR
YEAR 0I4CHARRE

REACTOR
ftToRASE

8HIPM0T
REACTOR

41PP

SHIPMENT
REACTOR TO
REPOSITORY

4FR

INTE,OaPY

SRIPMENT
OR TO
REPOSITORY RroPIPT4

9220217E1R;

7144ENTOR.;
RECEIVING
6620 YEARS YEAR

•••••  eon.,

1980 1160. 7196; 0. o. O. O. 0; O. 0.0 19;9

1481 1242. 8474, o. o o. o; O. 0.0 1441
198? 1486. 9464, o. O. O. o, o, 0. 0.0 1662
1987 1770. 10786, 969. O. 949, O. o, n. 0.0 1983
1980 2154. 11091„ 909. O. 160. o, o, O. 0.0 1944
1941 2335. 13271. 10F6. O. 240. 0; o, O. 0.0 1995
1916 2605. 14666. 1209. n. 4163. O. o, O. 0.0 1986
1947 2130. 16336. 1160. O. 5303, O. o, O. 0.0 1487
1980 3045. 18099, 1202. O. 6694. 0. 0, O. 00 1988
1984 3159. 19771, 106. O. 9040, O. 0, 0. 0.0 1969
1990 3368. 21370. 1070. 700. 9161. 0; 700, 700. 18.0 1990
1991 3646. 22461. 854. 1300. 10017S; O. 1300, 2000. 16,4 1991
1992 3859. 24184. 540. 1794. 10340. 206. 0000, 4000. 15.3 1992
1991 3938. 25717, 2168. 337. 10945, 1663. $0000, 6000. 14.4 1993
1990 4235. 27121. 2673. 157. 11745„ 1843, ?000, 8000. 13.1 1994
199! 4380. 28457. 1409. 556. 12110. 1144. 0700, 10'100. 12.9 1945
1996 4580. 29886; 2110. 1014. 11649, 2286. 4100, 14000. 12,2 1911
1997 4854. 31371, 970. 2398. 11397. 1602, 4000, 16000. 11.6 1997
199P 5083. 32808' 71E. 2934. 110•3, 1066. 4000, 22000. 110 1998
1994 5303. 34254, 2968. 889. 10660. 3111. 4000, 26000. 10.7 1199
200ft 5599, 35015, 2455. 1493. 81418, 4917. 6000, 32000. 10.2 2000
200, 5854. 366601 O. 5108. 5906. 2692. 4000, a0000. 9.2 2001
2002 1752. 18477. o. 3936. 1642, 4064. 4000, 46000. 6.2 2002

2007 5749. 38064. O. 6158. .0, 184E, 4000, 96000. 7.3 2003
1000 S692. 35760, O. 8000s .0, O. 0000, 64000. 6.7 2009
200F 5766. 33126. o. 8000. .0. 0, 0000, 72000. 6.1 2005

2006 1627. 3:02, o. 9000. .0, O. 0000, 80000. 5.6 1006
2007 5727. 28470. 0. 8000. .0. 0, 4000, 46000. 5.3 /007
2000 5647. 04Se, o. 6068. .o. 0, 4066, 940611. 5.0 2004
2004 5725. 26491, O. 36922 O. 9642, 99760. 5.0 2009
2010 066. 2151a. 0. 9766. .0. O. 9766, 109526. 9.0 2010

2011 5631. 26118. o. 5627. O. 5627„ 111152. 5.0 2011
201P 000. 26491, o. 5727. .0, 0, 027, 116879. So 2012

2017 S669. 28519, O. 5647. .o. O. 5647, 122526. S.0 2013
2010 5796. 06569. 0. 5715. .0, O. 97254 12625i. 5.0 1014
201! 5182. 27979. O. S748. .o. O. 9786, 134039. 5.0 2015
1016 4193. 273414 o. 5631. .0: O. 9631, 119670. S.0 2016
2017 4856. 26497, O. 5700. .0, O. 5700, 145370. 5,0
1012 4570. 25397. 0. 1669. , O. 11664, 151034. 9.0 2

2017
016

1014 4313. 13014; O. 1796, .o. O. 9796, 196636. 5.0 2019
2020 4655. 23388, 0. 5142. .0, 0, 9142, 162018. 3,0 2020
1021 4786. 2300, o. a993. ,o, O. 4491, 167011. 5.0 2011
2012 4617. 22441, 0. 46161. 04 O. 4456, 171867. 5.0 2021
2021 4543. 22914, o. 4570. .0. O. 4570, 176437. S.0 2013
2024 4150. 22751, o. 4313. .0, 0, 4313, 160750. SO 2014
2025 3789. 21485, O. 4655. .0; O. 465S, 145405. 5,0 /025
2026 3175, 204741 O. 4786. .0. O. 4766, 140191. 5.0 2016
2027 1224. 19061, o. 4617. .0; O. 4617, 144608. 5.0 1027
2020 2948. 17467. 0. 4543. O. 4543, 1903Si. 50 10/4
2024 2813.
2030 2598.

1600,
1404.

o.
o.

4150.
3769e

.0. o.
o.

4150,
1789,

Po3901.
107290.

5
,
,0
5.0

1019
2030

2031 2393. 13936, 0. 3375. .0; 0. 1375, 210661. S40 loll
203P 2164. 12980. o. 3224. .0, o. 1224, 213664. S.o 2032
2037 2033. 12064, 0. 2948. ,O. o. 216436. S.0 pou
2034 1818.
20311 1732.

1 1070,
10203,

o.
o.

2813.
2946.

.0,

.0.
o.
0.

!811,
61,6.

219651.
222244.

So
5,0

1034
2035

1036 1810. 9661. o. 2353. .0. 0. 6353, 224601. S.0 2036
2037 1519. 8912. o. 2268. .0, 0. 2268, 226664. 9,0 2037
2030 1265. 804, o. 2033. .0, o. P033, 20440P. SO 2038
2034 1194, 7519. 0. 1616. .0, 0. jets, 230721. S.0 2039
2046 712. 6,40, 0. 1731. .o, 0. 1732, 23/411. 5.0 2040
2041 O. 4721. 0. 1610. .0. 0, 1810, 214261. 5.0 2041
2092 O. 3011; 0. 1519• 04 0. 1519, 215761. 5.0 2042
2041 O. 1446. 0. 1265. .0, 0, 1165, 117048. 4.0 2043
2044 O. 752, 0. 1194. .0. 0. 1144, 238240. SO 2044
2045 o. 0. o. 752. .0. 0. 7S2, 231991. SO /049
2046 0. 0. 0. O. .0; 0. 04 236960. 0.0 /046
2047 o.
200 O.

0,
O.

o.
o.

0.
o.

.0,

.0.

0.
o.

o,
0,

23699a.
211802.

0.0
0.0

2041
2044

2044 O. 0, o. o. .0, 0. 04 236992. 0.0 100
20S0 0.
2091 0.

n.
0.

o.
o.

O.
o.

.0.

.0.

0.
O.

0,
o.

238491.
234991.

0.0
0.0

2050
2051

RAIL 8HyPmENT6 • 6221.3 44370.7 5946.6

TRIMS SHIPMENTS • 6333.1 49243.7



A.12

TABLE A.1.11. Spent Fuel Logistics for the Once-Through Fuel Cycle--Growth Case 3, MTU

2010 Repository

REACTOR
YEAR 018CmAROE

REACTOR
refORAGE

8HIRAFNT
REACToR
T1 AER

511194217
REACTOR 1'0
RE408/TORY

AAR
INVENTORY

SNIRRENT
OR TO
02:409ITnoy 00,I1079

orpnerrnRy.

ThIvENTnR;
RECEIVING
AGE, 7EA84 YEAR
 ....

1080 1160, 7199. o. o. O. O. o; o. 0.0 1980

1081 1282. 8474; O. O. O. O. O. O. 0.0 1981

198? 1986. 9064. O. o. 0. D.
°4

n. 0.0 1981

1981 1170, 10789. 049, O. 049. O. 0 O. 0.0 1983
1984 2154, 11091. 0/19. O. 107, O. O. M. 0.0 1919

1981 2335. 13271. 1016. O. 29931 0, O. 0. 0.0 1985

1989 2605. 14969. 1209. 0s 4143. O. 0, O. 0,0 1916
190 2830. 163361 1100. O. 53,3. D. 0, 0. 0.0 1987
1088 3045, 0004, 1212. O. 669.4, O. 0, n. 0.0 1988

1084 3159, 19712. 1486. 0. 1040. O. 0, 0. 0.0 1989

1490 3361. 213701 1770. O. 4891, O. 0, O. 0.0 1990

100 3646, 21462. 2134, O. 120j5. 0, 0, m. 0.0 1991

199? 3858, 24384, 2335. O. 1434o. 0. O. 0. 0.0 1992

1991 3938. 25717. 2605. O. 16995. 0.
g4

O. 0.0 1903

194a 4235. 27i21, 2130. O. 1974s, O. M. 0.0 1994

1991 4380. 28457, 3045. O. 22800, O. 0, O. 0.0 1995

1419 4588, 29186, 3159. O. 25999, O. 0, Os 0.0 1996

1097 4854. 31371. 3366s O. 29397, O. 0, O. 0.0 1907

199A 5083, 32908. 3646, O. 330m3. O. 0, O. 0.0 1096

199a 5303, 34254, 345/1, O. 36890, O. O. O. 0.0 1999

2000 5509, 35915, 3938. O. 40708, 0. O. O. 0.0 2000

2001 5859, 37534, 423S. O. 40013, 0, O. 0. 0,0 2001

200? 5752. 38906. 4180. O. 49411, O. 0, fl. 0,0 2001

2001 5749. 40067, 6568. 0. saw. O. 0. o. 0.0 2003
2004 S6101, 40405, 4139. O. 18804, O. 0, O. 0,0 2004

200F 5766. 41589, S013. O. 63997, 0, O. O. 0.0 2005

2009 5617, 41912, 5303, O. 69240. O. 0, n. 0,0 2006

2007 5727. 42010, 5590. O. 7409, 0, 0. O. 0.0 2007

2001 5647, 42040, 5647. O. 404A6. O. ot O. 0.0 2006
2004 5723, 4203. 5601. 0. 46178, O. O. 0. 0,0 2009
2010 5788. 4209, 5082. 700. 91290. 0. 700. 70m. 38.0 2010

201/ 5631. 4209. 4331. 1300. 95501.. 6. i300, 2000. 31.4 2011
201? S700, 4209; 3906. 1704. 09141, 206. 4000, 4000. 35.3 Iola
2011 5669. 42122, 5240, 337. 10294, 1663. 2000, 6000. 39.4 2013

2014 5796. 4203, 5599, 151. 106644, 1843, 4000, 0000, 33,1 2014

2011 5182. 42191. 4626. 556. 10910. 2144, 000, 1000, 32.9 2015

2019 4993. 42191. 4013, 9610 1106,0. 2319s 5300, 14000. 32.2 2016

101/ 4856. 42191, 4011, 84S. 1116i6, 3155, 4000. 18000. 31.6 2017
2011 4570. 42191. 3882. 688. (12206. 3312. 4000, 22000. 31.1 2016

2014 4313. 42191, 3718. 526. 112519. 3474. i000. 26000. 50.1 2019
2020 4655, 42t91, 4036, 620. 111/14, 5380. 4000. 31000. 30./ 2020

202i 4786, 42191, 3819. 967. 108000. 7033. A000. 00000, 29.2 2021

202? 4617. 42191. 3729. eee. 102611. 0.12, 10000, 50000. 28.0 2022
2021 4543, 92191, 3462. 1081. 95160. 10919. 14000, 62000. 26.5 2023
2024 4150. 4201, 2879. 1271. 4531'01 12119. 14000, 16000. 24.9 2026
2021 3789, 4210. 2940. 799. 75049, 13201. 14000. 60000. 23.4 pops
2021 3375, 42191. 2800. 57S. 6404. 13415, 14000. 104000. 22.0 2026

2027 3224. 42047; O. 3368. S3893, 10632. 14000. 116000. 20.5 2027
2021 2941, 42191. 1609. 1105. 42647, 12405. 14000. 132000, 19.1 20/8

2026 2113, 41089. O. 3914. 323.2. 10066. 1io00. 166000. 17.6 2029
2030 2594. 39189, 0. 6266. 2290, 9702. 16000. 160000. 16.2 2030
2031 2353. 36417. 0. 3265. 12109, 10999, 10000. 1911000. 14.S 2031
2031 2266. 35971, O. 410e 2841, 9433. 14000. 188000. 12.4 2032
2031 2033,
2030 1118,

26002.
14721,

O.
O.

11109.
14000.

.0,

-0.

2191.
0.

14000,
16000,

2n2000,
216000.

10.5
e.o

2035
aoee

2031 1731, 10203, O. 6240. .0, 0. 9149. 222244. 5.7 2035

2039 1410. 9661. O. 23S3. .0, O. 4313. 224601. 5.0 2036

2037 1519, 1912. O. 2268. .0. O. 4168. 226860. 5.0 1037
2034 1265, 8144; O. 2033. ,O. O. 2033. 228002, 5.0 2036
2034 1194, 7914; O. 1818. .0. O. 1418. 210121. 5,0 2030
204m 752. 6940, O. 1732. .0. O. 032, 292452. 5,0 2040
2041 O. 4729, O. 1810. .0, n. igio. 234263. 5.0 2061
204? O. 3211, O. 1519. .0, O. 019. 235181. So 2062
2041 O. 1949, O. 1265. .0. n. 116S, 231046. 5.0 2043
2040 O. 752. O. 1194. .0. O. 1104, 218290. S.0 2044

2041 O. O. O. 752. .0. 0. 752, 218992. 5.0 2045
2049 O. 0, O. O. O. O. O. 218492. 0.0 2046

2047 O. n. O. O. .0. 0, 0, 234902. 0.0 2047
2068 O. o, O. O. .0. O. O. 218992. 0.0 2048

204a 0, 3, O. O. .0. 0. 0, 238991. 0,0 2049
205n 0. O. O. O. .0. O. 0, 234992, 0.0 2050

2051 O. O. O. O. .0. 0, O. /38992. 0.0 1051

RAII 8447PMENT8 • 35634.2 18957,8 34060.9

TROPP( 814149ENT5 • 36271.8 19300.7
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YE42

TABLE A.1.12. Spent Fuel Logistics for the Once-Through Fuel Cycle--Growth Case 3, MTU

2030 Repository

4240709
076C0001

....
1960 1160,
190 082.
146P 00.
104 1770,
1444 2154.
1969 2335.
1966 1409,
1967 2630.
1960 100,
1464 310.
1490 330.
1491 3646,
1990 3690,
1444 3436.
190 4235.
1995 4360.
140 066,
1447 404.
1442 9063,
1446 5303,
1000 904,
00/ 0194.
/OOP 9752.
2001 970.
2004 092,
1005 9764,
2006 5427.
2007 9727.
1006 047,
2006 972s.
aoto 9766.
1011 945i.
aot2 9700.
201, s444.
2014 9796.
2015 9161.
1016 4993.
2017 460,
1014 400.
1016 4313.
loen abSS.
100 4766.
202! 4617.
1014 4543.
2021i 4190.
2021 3764.
1026 3375.
2027 3224,
ROIP 244e.
2014 1613.
1030 2016.
2031 2353.
1032 2164.
/034 2033.
1038 1616.
1035 1732.
1036 1610.
2037 1914.
1030 126S,
200 1194.
040 752.
200 O.
loop O.
2044 O.
lolls O.
2043 0,
1046 O.
2047 O.
204P O.
2044 0.
loso O.
1091 O.
2092 O.
2054 0,
2ose 0.
2095 o.
tosr O.
2097 O.
2052 O.
2096 O.
1060 O.
2061 O.

RAIL 61IT6321478

TRUO4 66.12KEITS

4EACTOR
47024GE

8$420m•
94::P;DNY

30q2neNT
4001477007,

7r, AFR 
9EACTOR TO 42R
4E2007095 INvENTOPV 4fromr704, Rre01674 T9%1637010 :::!TITT94:11

PFACTIIR

7196.
6474,
404,
1006,

O.
O.
0.

449.

O.
O.
O.
O.

0;
o.
A.

9.9.
09. O.

1:gg1:

111::::
1600,
1977P.
21370,

1056.

if:::
1202.
1424.
1770.

O.
O.
O.
O.
O.
O.

:::75:
4143.

000.
474:13:4:1!

22462, MS4, O.
igg:g:24544. O.

2017. 2263[1: O. 16951.
27i?1,
2440.
04214,

2430.
3045.
3159.

O.
O.
O.

:2:g90:
29944,

31371.
0404,
3420,
005,

3366.
3646.

4.411,

I.
O.
O.
O.

29397.
3300,
36640,

1410:::37534. 425S. O.
3604. O.
4007. gg:g: O. ggg;ro:
40405. 4844. O.

7:5114174;41564.
4100,

9003.
5303.

O.
O. 6420,

4200, 9109. O. 7460.
41040.
41073. %I:::

O.
O.

40444.
0101,

41099,
41100. ;::::

O.
O.

4044.
979i0,

42079,
42122. g::'17:

O.
O. Tire.

42193, gyps. O.
42141,
4101,
41141,
42191.

g:gg:
4456.
4970.

O.
O.
O.
O.

::::7r.
2400.

g94:::::
42141,

Aliiii

O. 3099.
4210.
42141,

0!
0.

442;4.
460A0.

42141,
42191.

4414e O.
O.

516i7,
97140.

4201, 117g: O. 613'1'0.
41191,
4201,
41141.
411911
4110,

3764.

:::::
2946.
2413.

O.
O.
O.
0!

690.9.

7160,
::::::

7779=i41141, 1644. 74:
4210,
4201,
42191,

1053.
4,4.
1606.

1300.
1794.

400 Os.
407 .

figii:
4201.
4201.

1661.

114:: iii.41191, 78041..,
42141,
4201,

674.
577.

845.
666. 74ggg,

4101.
42141.
4/224,

666.
132.
O.

Nt:
70044.
64641,

40336, O. :::: :11714::
39296, O. 1770,

O. ig11: 2900.
:777:g:
37113,
37103.

O.
O.
O.

790.
71.
10.

11807.
97649.
4360,

36645, 0, 702e6,
14476,
0046,
31433,

0.
O.
O.

:iti!...
1610.
46646.
33599;

29604.
65137,
16793,

O.
O.
O.

1609.
4::::
8344.

01346.
11845,
6164.

6495, O. 6196. 347,
0, O. 4949. .0.
O. O. O. .0,
0, O. O. O.
0, O. O. .0,
0, O. O. .0.
O. O. O. .0.

• 43012.0 11sen.1

• 43740.0 i1724.3

0, 0;

7112:4:201

I. 
. 

0.0 
 mem.

O. 0, 0, 0,0
I. 0, ft. 0.0 1442

O.
O.

0, 
0,
O,

0, M.
n.
m. 

0.0
0.0
0.0 

1963

0.
O.

O.
O. 0,

0,

0,

0,
0.

0.
O.
M. 

0.0
0.0
0.0

0.0 

1111!!!
1428

0. 0, 6, 0.0
O. 0, 0, 0.0 

1940

0. 0, n. 0,0 
1491
1942

D.
D.
o.
O. 

o,
0,
o,
0, 

O.
o.
o.
o. 

o.o
0:0
0.0
00 

iiiiO. 0, O. 0.0
o, 0, o. 0.0 096
O. ot 0. 0.0

0.
O. 0,

0, 
A.
n. 

00
0.0 

::::

0, 0, m. 0.0 

::::
O. o, O. 0.0
0. 0, el. 00

o, n, O. 0.0 

2003

0, 0, O. 0.0 
IT

O. 0. 0.0
O. g: A. 0.0

O. 0, n. 0,0

6, 0, 0. 0,0 
::::
!!!!

O. 0, r. 0,0
O. 0, O. 0.0

0. 0, n. 0,0 2013
o, n. o. 0,0 2014
O. 0; 0, 0.0 201S
0,
0,
O. 

0,
0,
0, 

4.
O.
O. 

0,0
0.0
0,0 

1016
2017
2014

4, O. O. 20100.0
0, 0, O. 0.0 /014

Oe 0; O. 0.0 2021

0,
0, 0,

0, 
n.
O. 

0,0
0,0 ::::

O. 0, ft. o.o 2024
0,
O. 

0,
O. 

O.
0. 

0.0
0.0 

/0/9
200

O. 0, O. 0.0 /0/7
0
D.
% 44

m. 
0.
n. 

0.0
0:0 10/4

1021

PO4.

O.
0,

2000„
1300;
700.

rt. 

960
0,4
99.3 

2030

1662. 6000, 54.4
930 

/031

iiii
0.9 1039

1319.
:::::

444:0:02041, 

90.7

ggi 
1400n.
10700.

92.1
S1.6

21:11144iii. 1;ggg: 

Fri
4000, 

::::::

32000. 

P6
won.

91.1

741i.Ci

43.4 

Ng:
1000,

!E. 

46.4
44.9

2163.
3992. 

14000,

iggg::
1000,
14000, 

ti1:44:

11::::::
146000.
wow). 

39,1
0.6
36.2
34,9 

0044
20411

iii!

2729.

:::111.
3990. 40.S

144:::: 42.0

14000, 
202000. 30.5

22,0 

!Oil

iii!illii 
14000,
14000, 31.4

9600, 14000, Virg:: /6,2 
::::347. 4942, 19.3

O. 0, 

234494.

:;:::::
0.0 LI:

O. 0, 0.0
O. 0, 0.0 

2097

0. O. 
10992.
210192, 

20992.

0.0 1061
0, 0, 0,0 2060

41112.4



• A.14

TABLE A.1.13. Spent Fuel Logistics for the Once-Through Fuel Cycle--Growth Case 4, MTU

2000 Repository

REACTOR
YEAR 0TSCHARGE
000P  

REACTOR
470R4GE

SHIPMENT
REAEToR
Tn 4FR

SHIPMENT
REACTOR TO
4$008/TORY

198M 1160.
1981 lase.

706.
8478,

0•
0,

o.
O.

1982 1486, 9464, O. O.
198! 1770, 10786, 949, O.
1984 2134. 11991. 949, O.
1980 2335.
198a 26o5.

13271„
14666,

1056.
1209.

0.
O.

1987
148P 

2830.
3045,

1980

1990 
3159,
3368.

1991 3646,

t6336,
0099,
19772,
21370,
22662,

1160.
1/$2.
1486.
1770.
2154.

O.
O.
0.
O.
O.

1994 sass.
1991 3938,
1994 4133s
1,991 4380.

24304,
25717,
21121.
e8457t

2335.

::;::
3046e

o.
O.
0.
Ofo

1994 4366.
1997 4854,

29466,
11111, ;7:99:

Os
0.

199P 5083. 36A6. O.
1990 5303.
2000 5199,

gig::

54,,

3858.
3236.

O.

2001 5854.
200P S7S7.
200! S761.

13 75 59 31
38911.
40083..

293S. 173gg:
1794.

200e 543.
2001 9779.
200f
2007 

5639.
5740,

40434.
41631,
41467,
42107.

!:63!13!
4527.

4154.
illi.
845.

200P s661. 42107. 4973.
2000 5763. 42114, 5231.
2010
201i 

5230,

201P 
vet.

2011 
5885.
5993.

42203.
42260s
42366,
42722,

:141:
4397. lig!.

4465.
lose
2014 

6263.

201f 

5868.
5844.

201, s797.
lotA 5618.

024s.
43452,
43532.
43532,
43532,

iiii:
424S.
ilsoa.
18.

1783,

ft:::

4:94!:
2014 5520, 43332, S01.

;:498:2020 5810. 43532, 2472.

2011 0064.
am 6094.

38163,
34719,

O.
o.

11433.

2021 6309, 891961 0. 114::
tote loop.
202F 6120,

j0577,
30886.

O.
O.

5520.
2610.

2026 5973. 30795. O. 6064.

2027
202P 

6047.
5990.

2024 5968.

;009.;
30430,
30098,

O.
O.
O.

6094.
6309.
6300.

aosp 5960. O. 6120.
2031
203P 

5991.

2037 
6123,
3963.

iiii!:,
30007,

O.
O.
O.

6047.
9990.

2034 6052, 30090. O.
;::::2039

203p 
6106.
6391.

30236,
30636.

O.
O. 5991.

2037 6369. 30883, O. 6123.
203P 6345, 31263, O.
2030 6488. 31699. O. 6052.
2040 6332, 31426, O. 6106.
2041 O. 25535., O. 6391.
2042 O. 1916S, O. 6369.
2047 O. 12620, o. 6345.
204a O. 6332. 0. 6488,
204! O. O. O. 6332.
2046 O. 0, O. O.
2047 O. 0, O. O.
2048 O. 0, O. O.
2044 O. o. O. O.
2050 O. 0, O. O.
2051 O. O. O. 0.

RAIL 614E144411 • 25672.4 46411.6

TRUrK 80IPMENTS • 26136.8 472s1.1

AIR
INvENyoRy

o.
0,
O.

949:

2::73:

:4:7:

:bp:::

1924i!i,
169,s,
197.5,
22610,

F3iiI3:,

::::::
43053.
4340,
480n1.
50844;
S3237,
SS2a0,

:::7190:

Fp772:,

!!!!!!
40840;

::?:::

iiiiiii
2402,
.o,
.0,
.0.

.0:

.0.

.0;
:o.
...0:0
.0:
.0,
.0,
.0;
.0
.0.
.0.
:0;
..0.
.0,
.0,
.0.
:0;
.0,
.0.
.0,
.0,
.0.
.0.
.0.
.0;

SHIPHENT
aFR TO
REPOSITORY

O.

RFEREPT4

o;

REPOSITORy

ENVENTOC?

0.

REcE/vING
Aar TEARS

o.o
O. 0, O. 0.0
O.
0,

0,
0,

n.
O.

0.0
0.0

O. 0, n. 0.0
O. 0, 0, 0.0
O. 0, 0. 0,0
O. 0, O. 0,0
O. 0, n. 0.0
O. o, O. 0,0
O. 0, m. 00
O.
0,

0,
o.

O.
o.

0.0
0.0

O.
o,

0,
o,

O.
o.

0.0
0.0

O. 0, 041 0.0
O. 0, 0.0
Os
0,
O.
0,

0,
0,
0,

700, Tii

0.0
0.0
0.0
28,0

O.
206,

1300,
0000,

2000s
4000,

26,4
23.3

2000, 6000. 24.4

2144.
127:1;9!
3155.
3312.
3474,
5380.
7033,

P000,
4700,
1300,
4000,
4000,
4000,

Iggg:

8000.
10700.

:4g:0:
22000.

lit00:00::

23.7
22.9
22.2
21.6
21.1
/0,7
20.2
19.2

%;::

llgrs:

10000,
12000,
12000,
tp000,

90000.
62000.
74000,
86000.

18.0
16.5
0.1
13.9

10482. 18000, 98000. 12.9

1::::.,
12000,
1,000,

110000.
122000s

11.8
10.7

6981.
6662.

1?000,
1p000, 1::::::

9.6
8.!

SO.
2482,

0,
O.
0,
0.
0.

12000,
12000,
lose,

Tg:

%
:0:44,

156000.

1176;;;::
186711.
192581.
196645.

7,3
6,5
5.5
5.0
so
S.0
5,0

D.
D,0.
0.
0.
0.

4120,
!!!!!

!iiil

MO:::
21734s.
223468.

5.0
5.0
5.0
5,0
s,o
5.0

O. 9,0
O. 4960,

!!!!!!!

9.0
O.
0,
O.
0.
0,
O.
0.

4941,
4123,
.196s,

ii5:2

:;:414:
265520.

277336,
283641.
240033.

233

5.0
5.0
5.0
5.0
5.0
5,0
3.0

o. so
O.

iiiii.
069 962 1178 340 630 ... 5.0

O. 3i5568. 5.0
0.
0.

0,
0,

iiiiiii..

0.0
0,0

O.
0.

0,
0, 315568.

0,0
0,0

0;
O.

24538.9

0,
O. ;1;::::

0.0
0,0

v!!!

1980
1981
1982
1983
1984
1985

iiiii

1989
1990
041
092
1993
1994
1993
1996
1997
1998

2000
::::
2002
2003
2004
2005
2006

Fir:
P010
20/1
2012

NI:
2015
2016
2017

:2:0112142
:::;

toes
2024
tots
2026

:g::
Rois
2030
2031
eon
2033
2034

::;:

ifiii
/040

Fitil

222047
::::
2049
POSO
2051
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TABLE A.1.14. Spent Fuel Logistics for the Once-Through Fuel Cycle--Growth Case 4, MTU

2020 Repository

PpAcTOR
YEAR OISCRARSE
0001.  

REACTOR
8TORACE

SHIPMENT
REACTOR
TO AAR

8RIPMEN7
REACTOR TO
REPOS/TORY

APR
INV!N+ORY

SMIPMENT
4FR TO
REPOSITORY RVCAIPT6

REROSVORi

•
 /NYENTORF

RECEIVING
40, YEARS YEAR
 ....

188o 1160. 706; O. Os 0. 0. 0; O. 0.0 1960
1981 128/. 808, O. O. 0. o. 0, O. 00 1981
198P 1486. 9464. O. o. 0, 0. o, o. 0.0 Os/
1981 1770. 10716, 949. O. 90. O. 0; 0. 0.0 1982
1984 2114. 1101. 949. Os 1947. O. O. O. 0.0 1084
1981 1331. 15171. 1016. O. 2943. O. 0; O. 0.0 1981
190 /601. 14666, 1209. O. 410, O. O, Os 0.0 1966
1987 2630. 16336, 1160. O. S3p3. O. 0, o. 0.0 1987
198P 1041.
190 3119.

18099,
19772,

1181.
1486.

O.
o.

6604,
800,

O.
O.

0,
O.

O.
O.

0.0
0.0

1981
1989

1990 3368. 0370. 1770. 0. 9861. O. 0; O. 0.0 1990
199, 3646. 21862, 2154. O. MIS, O. 0, O. 0.0 1991
140 3811. '4E84, 1331. 0. 14110. 0, 0, O. 0.0 1992
1991 3934. 0117, 2601. Os 1690, O. O. O. 0.0 1993
1994 4231. 17121. 2830. O. 1970, O. 0; O. 0.0 1994
1991 4380. 0417, 3041. 0. 22810. 0, 0. 0. 0.0 1991
1996 4188. 1086, 3119. O. Mpg, 0. 0, 0. 0.0 096
107 404. 31371. 3368. 0. 19397. O. 0, O. 0.0 1997
199P 1081. 31608, 3646. Os 33003. O. 0, O. 0.0 190
00 1301. 3404„ 3818. o. 36860, O. O. O. 0.0 1994
1000 099. 35011. 3938. 0. 40766, 0. 0: 0. 0.0 1000
1001 1814. 37934, 4/35. O. 89039, 0. 0: o. 0.0 300/
100P 1717. 38911, 4380. Do 4940. 0: 0; o. 0.0 001
100, 1761. 40083, 4188. 0. 0001, O. 0 O. 0.0 1003
1004 1701. 40934, 4814. o. 18894. O. 0, O. 0.0 1004
1001 1779.
aoot 160.

41631,
4067,

083.
1303.

0.
Os

63917,
69140,

0,
O. 04

O.
O.

0.0
0.0

1001
/006

/009 970. aim, SW. 0. 7409. O. 0, O. 0.0 1007
1008 9661. 42107. 1661. Os 80100. O. 0, O. 0.0 1008
1008 9961. 81166: 9701. 0. 86104, O. O. O. 0.0 8008
1010 M0. 81839. 1779. O. 91944, O. 0; O. 0.0 /010
001! 9961. 81919, 9639. O. 9760, O. 0, O. 0.0 /011
101P soli. 81908. slao. Oe 103361, O. O. O. 0.0 2011
1011 1991. 41639, 1661. O. 1090p3, 0. 0; O. 0.0 2013
201A 6263. 4330. 1763. Os 114746. O. 0, O. 0.0 1014
1011 1868.
lott S148.

43452.
83139.

00.
1761.

O.
Os

1203iO„
116301.

O.
O.

0,
0,

O.
O.

0.0
0.0

100
000

1017 9989. 4302. 1799. O. 01121. O. 0, 0. 0.0 1011
101P 1618. 4310% 1611. Oe 1377194 O. 0, O. 0.0 1018
2014 MO. 9301. MO. O. 143139. O. 0, O. 0.0 1019
2010 S810. 4302. 1110. 700. 168349. 0. 700, 700. 46.0 1010
2011 6064. 43131, 4764. 1300* 031T1, O. 1'300, 1000. 46.4 1011
101P 6094. 43718, 4074. 1794. 0601. 206. P000, 4000. 45.3 100
1011 6309. 4404, 007. 337. 00144, 1663. E000. 6000. 44.4 1013
201A 6300. 44846, 010. 1!7. 1641021 1843. p000, 8000. 43.7 10/4
100 6120. 81218. Ste/. SS6e 167140, :144. ploo, totoo. 41.9 10/1
/016 1973. 45681. 4139. 961. 169760. 2918, 1300, 14000. 42.2 1016
1017 6047. 4500. 4961. 64Se 17110. 310, 4000, 0000. 81.6 1017
1018 9980. 419181 1301. 666. 17060. 3312, 4000, 2/000e 41.1 1018
102. 1968. 41918, 1442. ee6. 17'Slpg, 3474. 000, 16000. 40,7 /019
1030 060. 4018, 1340. 610s 17048. 1380. 000, 31000. 40.2 2030
/031 1991. 45918, 1014. 96,11 173479, 7033. 4000, 40000. 39.1 /031
103P 6123. 81911. 1831. 666. 16910. 0112. 10000, 10000. 38.0 2031
1038 9161. 81811, 4184. 1061. 163163. 10919. 0000, 6/000. 36.1 2033
2030 6011. 0916, 4776. 1271. 10611, 129/9, 14000, 76000. 34.9 1034
1031 6106. 46041, S1e7. 603e 147011. 13197. 14000, 90000. 73.8 1091
1038 6391. 86868, 9897. 71. 1391•9, 13918, 10000, 10400o. 31.0 1036
1039 6169, 86878. 1960. Oe 13109, 14000. 14000, 10000. 30.1 2017
100 6341. 4707, 1932. S9. 0300, 13941. Ii000. 111000. 19.1 /038
11010 6888. 0993, 9991. 131. 111643. 13869. 0000; 146000. 17.7 /039
0040 6332. 47960, 4611. 13S3e 107608. 11647. 14000, 160000. 16.3 /040
1041 O. 891/9. 0. 1634. 040. 11166. 0000, 174000. /1O 1041
1018 O. 0399, O. 730. 63171. 13170. 14000, 198000. 114 1041
1083 0. 81916. O. 1641s 718T2, 1109. 14000, ammo. ta.t /041
1088 O. 3068, O. 1166. 60000. 11611. 14000, 10000. 20.8 1044
1041 O. 3701. O. 1967s 47947, 11013. 0000, 130000. 19.6 1041
1088 O. 91131, O. 13S011 36397. 11630. 140001 144000. lea 1046
2047 O. 33698, O. 1133. 138i0, 11467. 14000, 118000. 16.9 /047
200 O. 33471, 0. 113. 1000, 13777. 14000, 171000. 19.6 /046
1066 0.
lolo O.

899684
1108.

0.
O.

3907.
14000e

A0.
.0.

10093,
0.

14000,
limo,

186000.
30000o.

14.3
ILO

1049
1010

1011 O. 108, O. 14000s .0, 0, 14000, 314000. 11.8 1011
100 O. 0, O. 1566. 00. O. 1161, 31068. 11.6 100
1011 O. 0, O. o. .0, O. 0, 319968. o.o 2033
100 O. 0, O. O. .o, 0. 0, 319968. 0.0 2098
100 O. 0, O. 0. .0, O. o, 3M68. o.0 2091
100 O. O. o. O. ..0. 0. 0. 319968. 0.0 1096

RAU INTAIMEN78 • 17673.1 14411.0 0126.6

Mot solloopos • S171643 14671.1
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TABLE A.1.15. Spent Fuel Logistics for the Once-Through Fuel Cycle--Growth Case 5, MTU

2000 Repository

REACTOR REACTOR

SHIPmENT
REACTOR

SHIPMENT
REACTOR TO APR

P11119E1'47
424 TO

•  
RERn8ITnR!0

RECEIVING

V142 DISCHARGE ATDRAGE TO APR REPOSITORY INVEN,OpY emetT00T 9FEATPTe TAIvesiTo9 AsE, TEAR!' YEAR
•••••

1980 1160, 7196; O. Os 0; o. O. 0.0 1920

190 1282. 6478, O. Os O. o. 0, 0. 0.0 1981

198? 1466 ® 9464, O. O. O. 0. 0, 0. 0.0 1982

1963 1770, 10796, qa9. Oe 949, o, 0, O. 0,0 1983

1984 2154, 1199!. 449. 0. 1847, 0, 0, n, 0.0 1984

1985 2335. 13271. 1056. Os 2943; o, 0, n. 0.0 1985

1986 2605. 14646s 1209. O. 4163, 0. 0, 0. 0,0 1926

1927 2830. 1633b, 1160. O. 5373. o, 0, O. 0.0 1987

198P 3045, 18099, 1282. Os 6604, 0. 0, n. 0.0 1918

1989 3159® 0+72, 1486. 0. 8090, 0, 0, 0. 0.0 1949

1990 3361, 21370. 1770. 0. 9861, o. 0, n. 0.0 t990

199/ 3646. 22862„ 2154. O. 120'5, 0. 0, 6. 0.0 1991

1992 3858. 24384, 2335. O. 14390, 0. 0, 0. 0,0 1992

199, 3938. 25717, 2605. O. 16995, o. 0, O. 0,0 1993

1994 4235. 27121, 2830. 0. 19745, 0. 0, n. 0,0 1994

1095 4380.
1992 4588.

28457,
29886.

3045.
3159.

O.
O.

22890,
25949,

o.
0.

0,
0,

0.
os

0.0
0,0

1995
1996

/991 4854.
1992 5083.
1999 5303.

31371.
32608,
/4p54,

3368.
3646.
3258,

0.
0.
Os

2930,
330m3,
36860,

0,
o,
o.

0,
0,
0,

n.
Ô.
0.

0,0
0.0
0.0

1997
1998
1999

2000 5599. 35915, 3138. 700. 40001, o. 700, 706. 28.0 2000

200 5854, /7534. 2935. 1300. 43093, 0. 1300, 2000, 26,4 2001

200P 5902. 39056. 2586. 1794. 45413. 206, P000, 4000. 15.3 2002

/OOP 6051. 40520. 4251. 337. 440,1. 1663, P000, 6000. 240 2003

2004 6146, 41211, 4696. 157. 50844. 1843, 7000, 8000. 23,7 2004

2005 6376. 43105. 4527. 556. 53247, 2144, 2700, 10700. 22.9 2005

2006 6314,
2007 6626.

44-166:
4502.

4323.
4752.

981.
845.

552/20,
568.9.

2319,

3155,
1300,
4000,

14000.
t sotto.

22.2
21.6

2006
2007

2002 6683. 46022. 5166. 688. 55643. 3311. 4000, P2000. 21.1 2008

2008 6906. 47026, 53TT. 526. roses; 3474, 4000, P6000. 20,7 200,

Rote ?ISO. 48124. 5432. 620. Ao6AT. 5380. 4000, 91000. 20.2 2010

201/ 7225. 49204, 5179. 967. 58743, 7033. 4000, 40000. 19.2 2011

&AP 7470.

il013 7736.
201a 8116.

40298,
41470.
43160.

4944.
1899,
48a3.

1382.
4465.
1783.

55198.
49592.
49198.

8618,
7535,
10217.

1o000,
tioop,
ip000,

soo0n.
62000.
74000.

18.0
16.5
15.1

2012
2013
2014

2019 7932. 54411. 3265. 2719. 38841, 9281, 11000, 86000. 13.9 2015

2012 7988,
20:i 1093,
201P 4473.

55422.
59435,
27283,

5105.
5321.
3250.

1801.
1829.
3676.

33746,
28807.
24192.

10199,
10171,
8324.

12000,
12000,
12000,

98000.
110000.
IP/000.

12.9
12.0
11.1

2016
2017
1018

2014 8144, 27956. 1662. 5608. 19593, 6391. 12000, 134000. 10.3 2019

2020 8533. 28.54, 3185. 4551. 15398, 7449, 12000, 146000. 9,6 0010

2081 8973, 59611. 4010. 4106. 11444, 7894, 14000, 158000. 9.0 2021

101/ 9087. 60645, O. 8053. 7497, 3947, 111000, 170000. 8.4 2022

2027 9500. 6e216. 736. 7133. 3346. 4867. WOO, 182000. 7.9 2023

2024 9625. 62531. O. 9370. 716. 2630, 1P000, 194000. 7.4 2024

2025 2617,
2026 9559.

60864,
51943.

O.
O.

11264.
12000.

.0.
.0.

736.
O.

WOO,
17000,

206000.
218000.

6,9
6.4

20/3
2026

2017 9605.
20214 9,31.
2029 10012.

26248;
54160,
52t92,

0.
0.
0.

12000.
12000.
12000.

.o,

.o.

.0.

O.
D.
O.

1,000,
17000,
tp000,

230000.
242000.
254000.

6,1
5.7
50

2027
2024
2029

2030 10141,
2031 10318.

50233,
50106,

0.
o.

12000.
10443.

.0,

.0.
O.
o.

17000,
10043t

266000.
1.4443.

5.2
5.0

2030
2031

20.1 10593. 50995, o. 9801. .0, o. Aso5, 286248. 5.0 2032

2037 10550,
2034 10815.
2032 10891.

51614,
52417,
33A66,

0.
O.
0.

9931.
10012.
10141•

.0.

.0,

.0.

0.
0.
0,

0931,
lo012,
10141,

296160.
306191,
316333.

50
5.0
5.0

/033
2034
1035

2032 11338. 24052, 0. 10318. .o. o, 10318, 32001. 5.0 /036

2037 11467. 55053 O. 10593. .0, o. tO5.3, 337244. 5.0 2037

2030 1132;. 46025, 0. 10550. .0. O. 10550, 347793. 5.o 2038

2034 11754.
2040 11615.
2041 O.
204P O.
2047 O.

56963,
57887,
01.354.
3E090,
23569,

o.
0.
0.
O.
0.

10815.
10891.
11334.
11463.
11522.

.0.

.0,

.0,

.0,

.o,

o,
o.
O.
o.
0,

168/3,
10891,

ii334,
11463,
11522,

358609.
369499.
380833.
39/296.
40301e.

5.0
50
go
so
50

2039
2040
1041
2042
2043

2044 O. tietst o. 11724. .o, O. 11754, 415512. 5.0 2044

2045 D. .0. O. 11815. .0. o, 11515, 4/7387, 5.0 2043

2042 0, .0, O. O. .0. O. 0, 4/7367. 0.0 2046

2047 O. .0. O. Os .o. o. 0, 427387, 0.0 2047

204P O.
2049 O.

op,
10,

0.
O.

0.
o.

.0.

.0.
0,
O.

o,
o,

427367,
427387.

0.0
0.0

2046
2049

1050 O. .o, O. o. .0, o. o, 4P7387. 0.0 2030

2051 O. .0. O. 0. .0. 0. 0. 407367. 0.0 205/

P411 SHIPMENTS • 29416.9 68207.5 201200

Two( SHIPMENTS •
?9991.0 69441.2



TABLE A.1.16. Spent Fuel Logistics for the Once-Through Fuel Cycle--Growth Case 5, MTU

YEAR
Sege  

REACTOR
DISCHARGE

REACTOR
87004GE

SHIPMENT
RE407OR
To AFR

SHIPMENT
REACTOR 70
95408ITORY

2020 Repository

5MIPMENT
AFR AFR 70
INVENYORY REPOS/TORY 4606/678

REPOBITO4i

INyENToRi
RECEIVING
AMEe TEARS YEAR

1980
1981

1160.
1282.

706;
8011;

O.
O.

O.
De

0;
0,

0;
O.

0'9
0,

M.
O.

0.0
0.0

1980
1981

398?
1983
1984

1486.
1770.
2154,

0904,
10786,
11991.

O.
449.
049.

O.
O.
O.

O.
949.
1807,

O.
O.
O.

0
o.9
0%

o .
O.
0.

0.0
0.0
0.0

1982
1983
1984

1980
1988

2335.
260!.

15271.
14646,

1056.
1to9.

O.
o.

2943,
41,s,

0.
0,

0 qlo,
Os
o.

0.0
0.0

toms
1986

1987 2830. 16336, 1160. O. 53,9. O. 0% n. 0,0 1987
1946 3045. 18c199. 1282. O. bbo4, 0. o, 0. 0.0 1986
1980 3159. 19772. 1466. O. 8000. O. 0, O. 0.0 1989
1990
109}

3566.
3646.

/1370.
2286?.

1770.
2154.

O.
O.

9841,
taois,

O.
o„

0 410,
O.
o.

0.0
0,0

1990
1991

199? 3858. 24384, 2135. O. 14380, O. 0, O. 0.0 1993
1993 3938. 25717. 2605. O. 16905. O. 0% 0. 0.0 1903
1994 4235. 2712I. 2830. O. 197195, 0, 0, O. 0,0 1994
1995 4380. 2807. 3,145. O. 224110, 0, 0, O. 0.0 1995
1998 4588. 29866, 3159. O. 25989, 0, 0, 0. 0.0 1996
1997 4854. 31371, 3369. O. 2930. O. 0, O. 0.0 1997
1996 $083. 32608. 3646. O. 330m3, 0, 0% O. 0.0 1998 3.
1994
2000

S303.
5599.

34p54,
35915,

3858.
3934.

O.
O.

36840,
4070e.

O.
o.

0 9o,
0.
0.

0.0
0.0

1999
1000

,
--4

2001 5854. 37534. 4235. O. 45013. 0. 0, O. 0.0 2001
200? 5902. 30056. 4360, O. 494i3, 0; 0 O. 0.0 2002
2003 6051. 40520, 4s68. O. !loot. o; 0, 0. 0.0 2003
2004 6146, 111412. 4454. O. 54464, 0. 0, o. 0,0 2004
2001 6376. 4310S, S043. 0. 434117. O. 0, 0. 0.0 zoos
2006 6364. 444881 ss03. O. 492ti0, o. 0, o. 0.0 pooa
2007 6626. 45192, 5599. O. 74419m 0, o, O. 0.0 toe
2006 6683. 4602P. 5854. O. 80603. O. o, o. 0.0 aool
2000 6906. 47026. 5402. O. 86505, 0; 0, O. 0.0 2009
2010
aoli

7150.
7225.

45124!
49204.

6051.
6146.

O.
O.

9260.
96703.

O.
O.

0,
0%

0.
0.

0.0
0,0

2010
2011

201? 7470, 50298. 6376. O. tos144, O, 0% O. 0,0 2011
2013 7736. 51670, 6364. 041 111512, 0. 0, O. 0.0 2013
2014 8116. 53160, 66P6. O. 118148. O. 0, 6. 0.0 /014
2015 7934, 54411, 6683. O. 124841, O. 0, 0. 0.0 2015
2016 7968. 5549P. 6906. O. 131748. 0. 0, O. 0.0 2016
2011 8093. 56435, 1150. O. 138847. O. 0, o. 0.0 2017
2016 8073. sTeal, 72?!. o. 1441t2. 0, o, o. 00 lots
2010
2020

8144.
8533.

51456.
se754,

7470.
1036.

04,
700.

153543,
140648.

O.
O.

0,
100,

O.
700.

0.0
460

2019
foto

10/$ 8913. 59611. 6816. 1300. 167404, O. 1300, 2000. 46.4 1011
202P 9087. 80764. 6140. 1794. 173314. 206, P0001 4000. 43.3 2022
2023 9500. 42274, 7651. 337. 179346. 1663. 2000, 6000. 44.4 10/5
202A 9615. 65808. 7935. 1S7. 145444, 1443. P000, 8000. 43.7 2024
2025 9617. 63353. 751741 556e 490891. 2144. 6100, 10700. 41,9 2025
101f 9559. 66768, 7183. 981. 195675. 2319. M300, 14000. 42,2 2024
1017 4605. 65040 7866. 845. P00206. 3155. 4000, 14000. 41.6 /0/7
2028 9931. 88444, 8285. 688. /05141, 3312. 4000, 11000. 41.1 20/4
1014 10012. 69924. 6362. 526. 210246. 54764 40001 26000. 40.7 2029
2030 10141. 7005; 8440. 620. 113746, 5360, 4000, 32000. 410.2 2030



REACTOR
YEAR DISCHARGE
Ow..  

2031 10318.
203P 10993.
203} 10550,
2034 10815,
2034 10891.
203P 11334,
2037 11463,
203P 11922.
2034 11754.
2048 11819,
204/ 0,
20410 0,
aolo O.
2044 o.
504! O.
2046 O.
2047 O.
204P 0,
2044 O.
2050 O.
205/ O.
205P O.
20SN O.
2050 0,
20514 O.
2056 O.
2057 O.
20SP O.
2054 0.
2060 Os
2061 0,
206P 0,
2065 O.
2060 0,
2064 O.
2066 0,

244 4HIPMEWTS $

TRUCK 80IPMEN7$ •

REACTOR
4TORAGF

71258.
72234,
73224.
74234.
75193.
76415,
77437,
79041.
80202,
81467,
80307,
78356,
76239.
75426,
72485.
70482,
69397.
68233.
66/66.
64722,
62900.
616354
60384.
59174,
57387,
43387,
29387.
0187.
1387,

O.
0.
0,
0,
0,
Ot
O.

SHIPMENT
REAcTnR
Tn AFP

8657e
6730.
6479,
88.39,
6961,
9492,
9393.
9707.
9630.
9142,

o.
Os
0.
O.
O.
0.
o.
0.
o.
0.
o.
0.
0.
o.
o.
0.
o.
0.
o.
0.
o.
o.
o.
o.
o.
0.

SHIPMENT
REACTOR TO
REPOSITORY

967.
888.1
1081e
1271.
970.
561.
546.
611.
763e
708.
1161,
1930.
2118.
812.
2441.
2003.
1585.
1164•
1468.
2044.
1822.
1265.
1250.
1210.
1747.
14000.
14000.
14000.
14000.
1387.

O.
Os
Os
0.
0.
o.

79164.0 22462.4

76525.6 22868.7

TABLE A.1.16, (Contd)

AFP
INVENTORY

215343,
215010.
212569;
201375,
204306.
200318,
1464mq.
1927i7,
1493/0.
141920,
173010,
1610m0.
149148,
135961,
124402,
1124e5.

99990.
87153,
74601,
62665,
5040„
37742.
25002.
12213,

.0.

.0;

.0.

.0;

.0.

.0.

.0.

.0.

.0;

.0,

.0,

.0.

6NIPmENT
REPosiT0R9

APR TO
RERDsiTnRy RrEpiPy,
 'qt"  

7033,
9112.
10919.
12729,
13030,
13439,
13454.
13389,
13P37.
13292s
12639,
12050.
11882,
13188,
/1559,
11997.
12415.
12836.
12532.
11956.
12178.
12735,
12750,
12790.
122131

0.
o.
0,
0.
o,
0.
O.
0.
o.
o.
0.

718430

4000.
10000.

1000,
14000,
1R000,
10000‘
14000‘
16000,
14000,
100o,
14000,
i0000,
3000,,
14000,
linoot
14000,
19000,
14000.
14000,
14000,
14000.
14000,
1400o,
1400o,
16000,
14000,
10000,
14000,
T347,

0,
Ot
o,
0,
o,
o.

Thivetern44

40000.
50000.
62000.
74000.
90000.
to4000.
118000.
142000.
106000.
160000.
174000.
144000.
202000,
216000.
P10000,
204000.
218000e
272000.
256000.
300000.
314000.
328000.
342000.
356000.
3701500.
344000.
344000.
412000.
426000.
417587,
41,1187.
447N87.
427387,
4P/387.
427387.
417487.

RECEIVING
442, YEARS YEAR

macre

34,2 2031
34.0 2032
36,5 /033
34,4 /034
33.4 /033
3e.s 2036
30.9 2037
29.8 2038
28,7 2039
27.8 2040
270 2041
26.3 2042
240 2043
24.4 2044
24,2 2041
23,6 2046
23.2 2047
22,7 2048
22.2 2049
21.8 2050 3›
21.4 2051
21,0 2052 i--,

20.7 2053 
co

20.4 2054
20.1 2055
19.8 2056
19.6 2057
19,8 2058
19,1 1039
19.6 2060
0.0 2061
0.0 1062
0,0 2063
00 2064
0.0 2063
0,0 /064



12444
I...
0040 1160. 706;
9.i 64711„ 

0.

942
;941 1770. 1903:: 9a9,

0.
o.1::::

984 2154.
1392;11: 

949.
;995 233S.
.948 140..; 11::::2605.

;96P 3045. 01094, 
1160.,98? 2830. 18.36..

9419 1159. 19772. 1199::
990 3368. 21570„ 

199i 3646. 22882, 2;9:
; 

:992 3858. 24124„ 335.
0914 3932. pSy17, 605.

409!‘ 4380. 224571 
27121,.990 4235. 930.

I
.997 4254. 31371. 

Z:::
1311.

99f 4588. 29.26,

99P 5083. 52.02, 1463.
992 5303. 54254.
100n
:001 :999: :;4119: 

19;9:
O.

1002 5752. 57484. O.

5746. 

39488,
40i30,

1001 O.

:005 
:69::

:OOP 9627. ;Vit:: 

0.
0.
O.

1000

1007 5727. 54.79. 0•
!OOP 5647. 30526, O.
1004 5725. 25551. O.

1011 S631. .3.76.
1010 5782, 20039, O. 

O.

1011 5669. 
255n;

9:0: 

O.
O.
0.

1012 5700.

1010
1019 7490;

1016 :99:: 7510, 
O.
o.

1017 
1018 

4256. 7221, O.
4570. 7014, o.

1014 4313. 6504. O.
1020 465S. 6832, O.
!02 4786. 7172„ n.
!OPP 4617. 7001, O.
102, 4545, 6.78, O.

I:::
4150. 6588,

Sg77. 
O.

3729. O.
1028 3379. 5220, O.
1027 3224. 4.84, O.
102P 2948. 4524, O.
1024 2813. 4271, O.
1030 2596. 3932, O.

RF4C104
D7SCHARPE

TABLE A.1.17. Spent Fuel L Aics for the Reprocessing Fuel Cycle--Growth Case 3, MTU

REACTOR
2ToR4GE

SHIPMENT
REACTOR
Tn AFR

11m/PmENT
REACTOR TO
4EPREICE5S

1990 Reprocessing

SHIP4N,
ARA APR Tm
INYENTORY RFPROCES. ANNHAL

9EPancE22

CUPULATIVE
 .

RECE/YINS
FUEL. YEARS YEAR
  ....

0. O. 0; n; n. 0;0 1980
o. 0; 0, o, n. 0,0 1981
o. O. D. o, o. 0.0 1922
D. 9u9; 0; o, 0. 0.0 1943
D. 1897. 0; o, O. 0,0 1944
O. 2953, 0, 0, O. 0.0 1922
Os 410, O. 0, n. 0,0 1946
D. 5323. 0. 0, 0. 0.0 1987
0. 66m4, O. 0, 6, 0.0 1988
Os 8040. 0; et 0. 0.0 1989

700. 910, O. 700, 700. 12,0 1990
1300, 10015, O. 000, 2000. 16.4 1991
2000. 10350, 0, 2000, 4000. 19.3 1992
2000. 10944. O. 200e, 6000. 140 1993
2000. 117.S, D. 2000, 800n. 13.7 1994
1347. 12140. 1143. 2700, 1070n. 12.9 1995
1632. 119.9; 1668. 1300, 14000. 12.2 1996
2047. 11357. 1443. 4100, 10000. 11,6 1997
2183. 1100; 1917. 4000, 22000. 11.1 1996
2241. logo. 1759. /loot% 26000. 10.7 1999
3349. 10028. 1341, 471.0; 10700. 10;4 2000
4654* 940, 648. *300, 116600. 9.9 2001
4883. 13.5, 1117. 6000, 42000. 9.4 2002
4245. 58.0. 2455. I...700. 46700. 119 2003
5050. 3610. 2250, y300, S6000. 6,3 2004
4534* 11.4, 2466, 4M00, 64000. 7,7 2005
7536. o, 1164. 1.700, 72700. 7,0 2006
9300. 0. n. 0300, 62000. 6.4 2007
10000. 0, 0, 1m000, 92000. 9;7 1008
10700. n, 0, 10700, 102700. 4,9 2009
11300. 0, 0, 1000, 114000. 4,0 2010
12000. 0, 0, 12000, 1P6000. 2,9 2011
10821* O. 0, lops, 116621. 2.0 2012
5106. O. O. K706, 142527. .5 20i3
5651. O. O. 5657, 10.123. 0 1014
5844. O. 0; 42441 1440241. .5 1011
5414* 0; O. 5974, 149501. .5 2016
5044. O. n. 10811, 164584. *5 1017
4811. e; O. 4431, 144422. ;5 2016
4824. O. 0, 4824, 114246. .15 2019
4327. 0; o. OPT, 172573. 0 2020
44412 n. o, 4447, 193020. .9 2021
4181s o. o. 4787, 1.71.0. .! 2021
4666* 0, 0, 4666, 192473. ,5 2023
4660. O. o. 4660, 197134. .! 2024
4280* 0; 0. 42140, 201414. 0 2025
4032. 0. o. 4032, 203646. .5 2026
3560. O. o, *660, 209006. ,5 2027
3304* 0, o. 130., 212310. 45 2024
3066. O. o. 71066, 215379. 0 2029
2938. 0; o. p936, 218317. .5 2030
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TABLE A.1.18. Spent Fuel Logistics for the Reprocessing Fuel Cycle--Growth Case 3, MTU

2010 Reprocessing

YEAR
REACTOR
OTSCHARDE

REACTOR
8T04AGE

 . • 

814IPMFNT

9E4C7nR
To API,

46T0mEm7
REACToR TO
REPROCESS

AC4
1vVE6TOPY

Aw1.44ERT
6FR TM
REP9m0FR4 4.4.”AL

9E2RncER6

cuRuLATTuE
 .

RECEIVING
FUEL. teR4R6 TEAR
  ....

1940 1160. 7194, O. o. m. o. o; m. 0.0 960
106i 1282. 8478. O. D. 0. n. ot 0. 0.0 981
1962 1486. 1964, O. p. O. O. o t n. 0.0 942
1981 1770. 10746. 949. 0. 949, n, O. n. 0.0 943
108a 2154. 11091. 999. O. 1897, O. n; n. 904
1085
1066

2335.
2605,

13271.
0666.

1056.
1,09.

D.
O.

29%3.
4143.

n.
.n.

ot
n t

n.
n.

0.0
0.0

945
986

1987 2830. 16136. 1160. 1. 53,3. 6, It n. n.0 947
1964 5045. 16n19, 1242. O. 6604, O. n. m. 0.0 948
1086
1090

3159.
3368.

19772;
21370.

1446.
1770.

D.
o.

9040,
0641,

O.
0.

0;
0,

D.
m.

0.0 9R9
990

1991 3646. 22062. 2154. D. 12014. 0. O. n. o.n 991
1992 3858. 24484; 2135. O. 143%0. O. 0; 0. 0.0 902
1941 3938. 25717. 2605. O. 16995. n; ot n. 0.0 993
1990
1001

a235.
4380.

27121,
28457,

2630.
3045.

O.
o.

0745.
2P1.190.

m;
O.

0, n.
m.

0.0
0.0

904
995

1996 4568. 29486, 3159. 0. P5949. n. n. m, n.o 900
1997 4854, 31101. 3168. D. 24307. O. n; n. n.0 947
1994 S083. 32404, 3646. 0. 310n3. O. o, o. 0.0 998
1990
2000

5303.
5599.

34p54.
55915,

3058.
3448.

O.
o.

14860.
40708,

O.
O.

0,
nt

0.
n.

0.0
1.0

909
20n0

1001 5654. 375,34, 4235. O. 45043. O. 0, n, 0.0 2001
1002 5752. 38906. 4380. O. 494i3. n. Ot n. 2002
2001 5749. 40067. 4540. O. S0001, 0. nt n. 0.0 2003
1000 5692. 40905, 4454. O. SA8[4, O. 0, n. n.n P004
2005 5766. 41509, 5m43. O. 43947, O. 0, n. 0.1 201,5
1006
2007
200P

5627.
5727.
5647.

4191?.
42040.
4204n,

5303.
5549.

5647.

O.
o.
o.

69240.
74699.
an44b.

O.
0.
O.

0,

n e
n,

n.
n.
n.

o;o 2006
o.n 20m1
0.0 P000

200e 5725. 42118. 5847. P6113. 1. 0, n. n.o 2009
1010 S788. 42079, 5127. 700. 91240. n. rclo„ 700. A4.m 2010
2011 5631. 42079, 4331. 1300. 4550. n. 1100, P00o. 16.4 2011
1012 5700. 42079, 1700. 2000. 99201. O. 0000, 4000. 35.3 2012
2011 5669. 42122, 3627. 2000. 1029i4, n. 7000, won. 34.4 2015
1014 5796. 4201. 3727. 2000. 106144. O. 2000, 33.7 2014
2011 S182. 42191. 3425. 1357. 119127. 1393, 2700. 10700. 2015
2016 4993. 4201; 3361. 1632. 110620. 1668. 43no; 14000. 32.2 2016
1017 4856. 42191. 2799. 2057. 111676. 1943. 8000, 14000. 31.6 2011
1014 4570. 42191. 2110. ?183. i12246. 1417. 4onn, 22non. 31.1 P018
201 11 4313. 42191. 2359. 1954. 112599. 2066. 400n; 66000. 30.7 2019
aorp oss. 42191. 2814. 1841. 11250. 2RS1, 4700, 10700. 30.4 2020
1021 4786. 42191; 2411. 1867. 1120n0. 3433. 5300, ,6000. 29.9 2021
1022 4617. 42191, 2810. 1806. 11160. 4144. 4000, 42000. 29.4 2022
2021 4543. 42191, 2664. 1879. 114440. 4421. 4700, 48700. 24.9 2023
102a 4150. 4201. 2178. 1972. los3io. 5124. 000, N6000. 28.3 2024
1016
ecw

3789.
3375.

42191.
42191,

18?4.
1186.

10650
2184.

101009.
95778,

6035.
6411.

4000,
4700,

64000.
72700.

27.7 2025
27.0 2026

1027 3224. 41191, 415. 2309. 89608. 6491. 0300, 42000. 26.4 2027
1024 2944. 42191. 1068. 1840. 00607. 8120. 16000. opmOn. 25.7 2028
roam 2813. 42191, 1646. 1167. 74740. 9533. 11,700; 10270n. 24.9 P029
1030 2598. 42191. 2304• 294. 66048. 11006. 11.100, 11 a000. 24.0 2030



REACTOR
YEAR DISCHARGE
Omwa  

Its97. 22.9
74;4417: 21.9
346(.3. 20.7 2013
916E4. 7i .*. 1,1100, 19.6 2034

'PpInnE°00E
255.0. 6296. 1#000, 16.3 2035

4660. 1 91.6. la•mon. 16.7 C
1R000, 15.1 2037

7(244:123.
534(;4719.

14:16. 1,000, gi:gr'0. 13.4 2014
147, 6461. 1,000, 10.4
.o. 187. 7.4

:Ig. .0, O. 12;(g4, 3.8
237. .0. Q. 297, 1.7 2042
0. .0. 0. 0, 21199p. 0.0
0. .o. 0. 0. !!!!!!! 0.0
0. .0. 0. o; 00

:444:502

;:0444417
O. .0. 0. n. 0.0 P046
0. .0. 0. 0; 00
0. .0, 0. 0, 00 2046
O. .0. O. O. 0.0 2049
O. .o. O. 0; 00 nO. .0. O. 0, 214 P. 0.0
0. .0. o, 0, !!!!! 00 tv

rv
0. .0. 0. 0. PIRQ92. 0.0 2043
0. .0. 0. 0, 0.0
0. .0. o. o, 0.0
o. .0. 0. 0, 00
0. .0. 0. 0, 0.0
0. .n. 10. 0, F:iciii. 0.0
0. .0. O. 0, 0.0
0. .0. n. 0, :;::::: 0.0 1111
o. .n. O. CI, 0.0 pod,
0. .0, o. 0, 0.n
O. .0. o. 0, :;::::: 0.0 :(0):1
O. .0. 0. 0, o.0
O. .0. O. 0, 0.0
O. .0. 0. o, ::::::: 00 rgiil
0. .0. D. o, 0.0
O. .o. 0. n. 218997. 0.0
o. .o. 0. 0; 2A44Sp. 00
n. .o. 0. o, 00
O. .0. n. 0, 0.0 P
0. .0. 0. o, o.0 7072
o. .0. o. o. 0.0 7073
D. .0. 0. 0; 0.0 2074
0. .0. I. o, I/ 00 P075
O. .o. 0. n. 21499A. 0.0 2076

21320.6 31402.9

REACTOR
STORAGE

sw/PMFNT
REAcToR
Ti7 AFP

203P 
2353.
MD.

2033 2033.

2191„
41404,
39,04.

1050.
O.
O.

2034 1818,
2034 1732.

36665.
32415.

O.
O.

2036 1810. 30066. O.
2037 1519. 26e40, O.
2032
1034 

1265.

loop I:::

10E4A,
16053,
6492,

0.
0.
o.

104, O. 237. O.
2042 O. .0, O.
2043 O. •o. 0.
2040 0. .nt 0.
2044 O. .0. O.
2046 O. .0. O.
2047 O. .0. 0.

2040 O. .0, O.
204e O. .0. O.
2050 O. .0, 0.

2051 O. wO. O.
2052 O. .0. o.
atm O. .0. 0.

2054 0. .D. 0.

2054 O. .n. 0.
2056 O. 10. 0.
2057 O. .0, O.
1054 0. ..n, 0.
2054 O. .n. 0•
2060 O. .n. 0.
am), 0. .0a O.
206? O. .0, o.
2063 O. .0. O.
2064 O. .0, 0.
2064 O. .0. O.
2066 O. .0, O.
2067 0. .0. o.
2062 O. .0. 0.
toes o. .0, o.
2070 O. .0. 0.
lot, 0. .o. o.
2072 0. .n. O.
2079 O. .0. 0.
2074 O. .0. 0.

2079 O. .0. O.
204 0. .0. 0.

RAIL 61.1!PMENT$ • 33271.3

TRUrK SAIIPME973 • 33873.1

TABLE A.1.18. (Contd)

5m/PMFO
REACTOR TO
REPRocESS

21706.4

aAFa
1,vENT00Y1,vENT00Y

.....  .....

CwTP.AFNIT

aRa ToaRa To
4EF4ncFEA4EF4ncFEA

REPROCESS

RECETVImG
Awo“AL CumuLATIvE FUEL. rEARK VE41,4

ft   MUM=



RFACT09

TABLE A.1.19. Spent Fuel Logistics for the Reprocessing Fuel Cycle--Growth Case 4, MTU

2000 Reprocessing

pF2onrEss
SH/2vEy1 

:%9'7T 
. 

4E407n9 TO AF4 7 RECETVZNG4E4CTOP
SHIPMFNT
4F8C7n8

YEAR DISCHANSE 8704408 Tn AFP El:'PrICE55 IrVFN,Opy oE4.14r1CFSt A-m1.41 cLiou1871vE 40EL, VE4128 rE4R
Owalm  

. .  ....
1060 1143. 7196. O. O. O. P. 0. n. 0.0 1980
198i 1282. 8478. O. O. O. n. 0; n. n.n 1941
1962 1466. 9464. n. O. n. D. 0, n. 0.0 1942
1963 1770. 10766, 449. I. 949. O. 0, P. n.n 1943
1944 2154. 11991, 449. O. 1407. O. 01 n. 0.0 1984
1945 2335. 13271. 1056. 0. 2981. n. 0, n. n.n 19A5
1966 2605. 14464. 1209. O. 4143. O. n t n. 0.0 1946
1967 2830. 16136, 1160. O. 5343. O. 0 n. 0.0 1987
1984 3045. 16(199, 1242. O. 661,4. 0. 0.

,
 n. 0.0 1946

1980 3159. 1977?, 14P4. O. Anon. O. n't. n. 0.0 1949
149P 3368. 21370. 1770. O. 98/.1. 0. n n. 0.0 1990
1991 3646. 22862. 2154. O. 12015. n, n.

,
 n. 0.0 1991

199? 3654. 24344, 2135. 0. 14390. n. 0, C. 0,0 1992
1991 3938. 25717. 2605. O. 16995. n. O. n. 0.0 1993
1994 4235, 27121; 2430. O. 14745, n, n t n. 0.0 1994
1990 4380. 28457. 3n45. O. ww, n. O. n. n.n 1995
1946 4348. 29486. 3159. O. 259.9, O. 0; n. n.n 1996
1997 4854. 31371. 3368. O. 293c7. 1. n. n. 0.n 1997
199? 5063. 32404, 3646. O. 33003, O. 0; n. 0.0 1996
1990 5303. 34p54. 34A6. O. 4684n, 0. 0, n. 0,0 1909 S.
2000 5599. 0415, 3238. 700. 40048, 0. 700, 76n. 28,0 2000

N,
2001 5854. 37639. 2935. 1300. 41013. n. '3M% 200n. 26.4 2001 co
200? 5757, 38011; 23A0. 2000. 454;A. 0. p0nn; 4nOn. 25.3 2002
2003 5761. 40083. 2588. 2000. 480,11. I. pnnn 6nOn. 29.4 2003
2004 5705, 40934. 2894. 2000. 5r64. 1. 'non.

„
 4nOn. 23.7 2004

2004 9774. 41631, 3726, 1357. 532v7. 1141, p7nn t in70n. 22.9 2005
2008 5639. 41967. 3671. 1632. 552An, 1 664. 11nn, 1400n. 22.2 2006
200? 5740. 42107. 3542. 2057. 56819. 1443. ennn t 1800n. 21.6 2007
2008 5661. 42107. 3478. 2183. 585nn. 1817, 0100, 2200n. 21.1 2008
2000 5763. 42,14. 3803. 1954. 60297. 2046. onnn. 21.00n. 20.7 2009
Coin 3850. 42203, 3919. 1841. 613.0 2859. u700. 30700. 20.4 2010
2011 5761. 42260, 3837. 1867. A1722. 303. O00. 16100. 19.9 2011
201? 5885, 42366„ 1973. 1806. 615n1, 4194. 6000; 42nOn. 19.4 2012
201, 3995. 42722, 3760. 1879. bniton. 40P1. /Inn. u8700. 18.9 2013
2014 6263. 43294, 3767. 1972. 54880. 5'828. -/00: 56nOn. 1A.3 2014
2015 4868, 43452, 3896. 1965. 565/0. 6039. an00; 6,4000. 17.7 2015
2016 5844. 43537. 2506. 3257. 516n4. 5443. 0700. 72700. 170 2016
2017 5797. 43532. 750. 5047. 401n1. 4?53. n100. 02nOn. 16.4 2017
2018 S618. 43532. 298. 5360. 49714, 464n. I000n; 4200n, 15.7 2016
2010 5520. 43532. 1 427. 4093. 4P5.#4. 6607. InIn0, 11270n. 19.9 2019
202n 5810. 43532. 1566. 4244. 350o, 7056. 1,100; 11400n, 14.0 2020
2021 6064. 43532, 1464. 9105. 241i2. 7495. 1,nno, 1w0n. 13.0 2021
2022 6094, 43758. 1924. 3944. 22981. 8056. 12000, 119nOn. 11.9 2022
2023 6309. 49224,1 1568. 4276. 168,4, 7724. 1PMOD, 150000. 10.8 2023
2024 6300. 44721. 318. 5479. 10671. 6521. ip000. 162nOn. 9.8 2024
2025 6120. 40633, O. 10213. 88%5. 1707. 1,000; 174(100. 8.8 2025
2026 5973. 37452. O. 9153. 59A8 ® 2847. 1'ono, 18600n. 7.7 2026
2027 6047, 35191. 0. 5103. 200n. 3897. 17nOn t 10800n. 6.6 2027
202? S990, 31425. O. 9962. 91. 2-14. ipnnn. 210nn0. 5.6 2322
2026 5968. 23446,, O. 11947. .0. 53, i'n0o,; 222000. 4 ® 7 2029
203p 3960® 21406. O. 10000. .0, n. plono, 2120On. 3.9 2030



TABLE A.1.19. (Contd)

9g4004
YEAR 0/$C$440E

PEACTOP
s102.GE
. 

4,41pMFNT
;0.11cT('.w
To AFP

6HI2pENI
;E4CT0R TO
2E2PncEss

ap,)
1,vpwrnrv

R,41,fai,E!,JT
4Pq TC.
,TEPPnCFsg ,,,,,e,L

221200rEss

numuLATIvE
. 

RECEIVING
FUEL, YEARS YEAR

solOseel

2031 5991. 17397. O. 10000. .0, 1, inOnn, 262110n. 3.2 P031
2032 6123. 13920. O. 10000. .0. O. innn0. 25200n. 2.6 2032
203% S963. 9484. O. 10000. .n, n. 1nnn0; 262n0n. 1.4 P033
203o 6052. 9054. O. 6477. .0. r. A477. 264477. 1.5 2034
203R 6106. 9094. O. 6071. .o. ,i. 4071. 27444•. 1.9 2035
2036 6391. 9907. O. 59711. .0. 1, %cm* , 2140926. 1.5 2036
2037 6369. 9404. 0. 6272. .0. O. ‘272. 256796. 1.5 2037
2031► 6345. 990t, O. 6445. .0. 0. 4404' 293247. 1.5 2038
2034 4488, 9499, O. 6240. .0. n. •,2GO. 266R37. 1.5 2039
2040 6332. 9610. O. 6421. .0. 0. 0021, 30595A. 1.5 2040
2041 O. 3094. O. 6516. .0. 0. &516, 312474. 1.5 2041
204? O. .n. O. 3094. .n• n. en04, 3ism:$4. 1.7 2042
2047 O. .0. 0. O. .0. el. O. 3i5R6A. 0.0 2043
204o 0. .0. O. 0. .o. 1. 0, 3151;64. 0.0 2044
2045 O. .m. O. 0. .n. 0. 0. 713‘64. 0.0 2045
2046 O. .0. O. O. .o. O. 0; 3i546.. 0.0 2046
2047 0, .n. O. O. .0. O. 0 3isc 64. 0.0 7047
204P O. on. 0. O. .1. o.

,
o. 314966. 0.0 2048

2040 O. .n. n. O. .0. 0. 0; 311R6T. 0.0 P049
205o O. on. O. 0. .0, 0. o. 3t54b.. 0.0 2050 3.
2051 O.
2052 O.

.0.

.0,
O.
0.

O.
0.

.o,

.0.
o,
0.

o;
0,

siscba.
3i5R64.

0.0
0.0

2051
2052

no
.P

205F O. .0. O. o. .n. n. 0, 315565. 0.0 2053
20So O. .0. O. O. .0, m. o, N15564. 0.0 2054
20514 O. .0. 0. 0. .n. n. O. 11556a. 0.0 2055
2056 O. .0, o. o. .o. o. 0; 31E1;64, 0.0 2056
2057 O. -0. O. O. .n, n, o, si5c64. 0.0 2057
20SP O. .0, 0. 0. .0. n. 0, 3i556A. 0.0 2058
2050 O. .0. O. O. .0. q. 0, %1 9.164. 0.0 2059
2060 O. .m. 0. O. .1. 0. 0, 315564. 0.0 2060
2061 O. .0. O. O. .0. o. o. 315g64. 0.0 2061
2067 O. .0, O. o. .o, o. n; 3195614. 0.0 P062
206F O. .0. O. 0. .0, o. O. 31456g. 0.0 2063
206A O. .0. O. O. .0. n. 0, 115544. 00 2064
2064 D. .m. 0• 0. .0. O. 0 113544. 00 2065
2066 O. .0. O. O. .o. n, 0,

,
 31956o. 0.0 2066

2067 D. .0. 0. D. .0. n. 0, 31S565. 0.0 7047
206P O. .0. O. O. .o, n. ot 315R44. 0.0 2068
2060 O. -n. O. O. .0. O. 0, Aiscb.. 0.0 2069
2070 O. .m. 0. 0. .o. 0. o; 3,996R. 0.0 2070
2071 O. -ni 0• n. .m, P. el, 315564. 00 2071
2072 O. .0. 0. 1. .n. m. o, 115c64. n0 P072
207s 0. .0. 0. o. .o. c. M t 31356a. o.o P073
2070 0. .0. O. 1. .o. m. 0, 113564. 00 2074
2074 O. .0. 0. 0. O. I. 0. XISRbA, 0.0 P075
2076 O. •0. 0. O. .n. 0. o, 315%46. oo P076

144/L 6HIPMENT6 • 238P5.6 482550 2P773.6

70tirK 8wIPRE978 • 20216.5 49131.4



TABLE A.1.20. Spent Fuel Logistics for the Reprocessing Fuel Cycle--Growth Case 5, MTU

2000 Reprocessing

YEAP
....  

RFACT04
078cH8R6E

4EACT09
870RAGE
. 

s.,,IP.FNT
9i4nrn.
77 AFP

11,4 10/1E0
;EACTI rn
PEP*PeEiR

8F.4
1VPNTOR7

 ..... ......

5t470mFNI
.rR Tr
pFPRMC338 810811AL

.

4Fponckss
. 

f.i.imul AT Tv8
. 

RECErvING
FUEL. YEARS YEAR
 ....

198n 1160. 7196. O. M. ". 0. M M. 0.0 1940
1941 1282. 8474, 0. 1. n. n, n, n. 1.0 1941
198? 1486. 9464. 0. 1. 0. 0 . 0 0, 0.0 1942
1983 1 770. 10796. na9. 1. 900, 1. 0.

,
 . 0.0 1943

144o 2154. 11491. 4a9, 0, 1447, 0, n; Ÿ. 0.0 1944
1485 2335. 13271. 1156. O. 2944. 1. n, 0. 0.n 19,5
1986 2605. 14666. 1209. n. 41h3, n, o, it. 0.0 1946
1947 2830. 16436, 1 1 60. 0. 53a3. 0. 0 0. 0.0 19A7
1988 3045. 18094. 1282. 0. 66n4, 1. 0,

% n. 0.0 1966
1980 3159. 19772. 1486. 0. A000, M M. M. n.0 1949
199n 3368. 21370. 1770. 0. 98.1. 0. n, n. 00 1990
1991 3646. 22462. 2154, 0. 120.5, 0. It n. 0.n 1991
194? 3658. 24484. 2335. 0. 10340. n. 0 n. 0.0 1992
1943 30311. 25717. 2605. 0. 10,9c5. n. 0,

,
 n. 0.0 1993

149a 4235. 27121, 2840. 0. 147.4. n. 1 n. 0.0 1904
1995 4380. 2857. 304S. 0. 2244n. 0. I: 0. 0.0 i945
199h 4588. 29a86. 3159. 0. 259c9, q. 0, n. 0.0 1946
1997 4854, 31471. 3368. 0. 295c7. cl. % n. no 1997
149* 5083. 3240A. 3646. 1. 330n3, C. 0, 0, 0.0 5948
1990 5303. 34254. 1456. 1. 1640, 0, I, 0. D.n 1909
2000 094. 45415. 3238. 701. 40044, 0, 700, 700. 28.n 2000
2001 5854. 3153a. 2935. 1301. a40:1. 0. 010, 200m. a6.4 2001
200? S902. 34o56. 2380. 2000. 454i4. 1. annn, 4000. 25.3 2002
2001 6081. 40521, 2448, P001. 480qN7, n. ao0n, 600.. 24.4 2003
2000 6146. 41412. 2444. 2000. 5118c4, 1. 2000, *P00. 23.7 2004
2004 6376. 43105. 3726, 1157. 51247. 1143. a7n0„ 10700. 22.9 2005
2006 6364. 44166. 3671. 1.32. SS2bn. 1k.s. alnn .4000. 22.2 2006
2007 6626. 451 92. 3502. P057. 564.0. 1mu3. 0000, iA000. 21.6 20n7
200P 6683. 46082. 3671. 2143. 58644. 1417. ann0, >2000. 21.1 2008
2000
aoto

6906.
7150.

47n26.
48124,

44414.
4210.

1 494.
1841a

60545.
6190.

2m46.
2049.

MOMM,
a70n 

Phnom.
xn700.

20.7
20.4

2009
2010

2011 7225. 49a0a, 4279. 1867. 1,2763, 1041, 4101.
‘
 3600n. 19.9 P011

2012 1470. 302980 4370. 1406. 61148, 4144. 410n; o2nOr. 19.a a012
2013 7736. 51670. 4445. 1879. 4241?„ 4.2). .700 1111700. 18.c, 2013
2014 8116. 53160. 4654. 1972. 421t8, 5324.

t
730n, 46nOn. 18.3 2014

2014 7934. 54411. 4718. 1065. 618.1. 6n35. .000, 6400n. 17.7 2015
2016 7966. 55442. 3650. 3247. 59000. 5443, 4700, 72700. 1 7.0 2016
2017 8093. 56435, 2103. 5047. 56867„ 4284. 43nnt 172000,9 10.4 2017
201P 6073. 57p63, 1709. 5517. 541,2. 4483. 1nOPO, 4200n. 15.7 eole
2019 6149. 57456, 2855. 4615. 50803. 6045. in7nn. 1n270n. 15.0 20t9
2020 6533. S8784, 2607. 4420. 473,8. 6371. 1i3MO; 114000. 1 4.3 POPO
2021 6971. 59611. 2983. 5132. 43444. 6464. woo, 1?600n. 13.5 2021
202? 9067. 50764, 2906. 5028. 3467A. 7672, 1,700, 17;4700. 12.7 2022
2023 9600. 62276. 2400. 5087. 33346, 8213, 1/300, 152000, 11.9 2023
20/4 962S. 63808. 2454. 5630. 27444. 4161. 14000. 16.nO0. 11.0 2024
8025 9617. 65353. 405. 7578. 208:1. 7122. 1a700 1407Un. 10.? 2028
2026 9559, 63278. 0. 11634. 171.5. 3665, 153n0, 196nOn. 9.4 2026
2027 9605. 626,67. 0. 10416. 11541, 5584, 1001, 112non, 8.4 2027
202P 4931. 61515 0. 11083. S9.4. 8617, 1.7n0; 2,87nn. 7.S p0P6
2020 10012. 59272. 0. 12255. 404. 5045. t730% 244.00n. 6.6 2029
ROSO 10141. 54/53. O. 15081. .n. 110. woo. 242100. 5.8 ?OW



R44c7oR
YEAR 076CH4RGE

2031 10318.
2032 10553.
2033 tnsso.
ao3o 10815.
2039 10891.
2036 11334,
2037 11463.
2034 11522.
2030 11754.
2040 ii815.
2041 O.
2042 0.
2043 O.
2046 O.
2045 O.
204o o.
2047 n.
2048 O.
2049 0,
2050 0.
2051 O.
2052 O.
2053 O.
2054 O.
2055 O.
2056 O.
2057 D.
2058 O.
2059 O.
2'060 O.
2061 O.
206P O.
2063 O.
2064 O.
2065 O.
2066 O.
2061 O.
2068 O.
2069 D.
2070 O.
2071 O.
207p O.
2073 O.
207o O.
2075 O.
2076 O.

RAIL SH TPHEN7,5

TRUCK SwIPME"8

REACTOR
470945F

48651.
43244.
37793.
;2609.
2949R.
26433,
2(1296.
21418.
0572.
1 7758.
5917;

.0.

.0.

.0.

.0.
en.

4H1PMFNT
RricTr6
Tn *Fp

TABLE A.1.20. (Contd)

S.1PMEN7
REACTI9 70
zE000CE64

30.470mF,N.
AFQ. 624 Tr
ImyFNTORY 2FPRncE4A

O. 16000. .0.
O. 16000. .0.
O. 16000. .0.
O. 16000. .n.
0. 14000. .n.
0. tiloon. .o.
0. 14000. .o,
O. tuoon. .0.
O. 14001. .n.
O. 13629. .0.
O. 11841. .0.
O. 5417. .m,
Ò. n. .o.
o. o. o.
O. O. .0.
O. 1. .o.

.m.
o. o. .o.
o. n. .o,
O. n. .o
o. o. .n.

.

o. o. .f.)
O. O. .o.
0. 0. .0.
O. O. .0,
n. o. .n.
0. o. .n.
O. D. .n.
O. o. .0.
0. Ô. .n,
o. n. .o.
0. o. .n.
o. n. .0.
o. o. .o,
o. o. ..11
0. o. .n.
O. 1. .0.
O. O. .n.
O. O. .0.
O. O. O.
O. O. .0.
O. O. .0.
O. O. .n.
O. O. .n.
O. D. .n.
O. n. .1,

o. n.

0.
O.
n,
n.
o.
n,
n,
n,
O.
Ô.
1,
n.
o.
n.

0.
n.

n,
n,
n.
n.
O.
n.
O.
0,
o.
o.
0,
o,
n.
o.
0,
o.
o.
0.
n.

27682.9 69943.6 26460.6

28183.6 71208.7

RFoon0t64

ApNHAL

iknon;
i‘Inn t

10000.
14000;

!ono;
1/ono,
17629,
11 941.
8917,

0,
0,
0,
n,
n,
o,
0,
Ô.
n;
n,
n.
n,
0.
n;
o,
0,
n,
0,
o.
0,
n,
0,
o,
0,
n,
n
0.
0,
n;
o,
0,
0,
0,
o.

t..ummATTvE

2,6nOn.
24400n.
Ain000.
324000.
lonnoo.
354001.
36400n.
3.2000.
34600n.
4.9620.
421470,
427367.
427187.
427367.
477387.
427367,
427387.
427387.
427387.
427187,
427167,
477387.
477387.
477387.
477387.
477387,
4,7187.
477367.
427347.
427387.
477387.
477387,
477387.
U77187.
427187,
427187.
427'07.
427187.
427187.
427387.
4,7387,
477187.
477187,
4,7367.
4,7367.
427387.

RECETVING
FuEL, yFARS yEAR

5.2 2031
4.5 2032
3.9 2033
3.3 2034
2.9 pols
2.4 2036
2.3 2037
2.n 2038
1.A 2039
1.6 2040
1.5 2041
1.5 2042
n.m 2043
0.0 2044
0.0 2045
0.0 2046
0.0 2047
o.n 2046
0.0 2049
0.0 2050
0.0 2051
00 P052
0.0 2053
0.0 ?054
n.o zoss
0.0 2056
n0 2057
0.0 2058
0.0 2059
0.0 2060

2061
0.0 2062
00 2063
0.0 2064

2065
0.0 P066
0.0 2067
0.0 2066
n.n P0s9
o.n 2070
o.n 2071
0.0 2072
n.o 2073
0.0 2074
00 2075
0.0 2076
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TABLE A.1.21. Number of Containers Sent to Repository in Once-Through Cases

Repository BWR PWR Total
Growth Assumption  Date  Canisters Canisters Canisters

Present Inventory 1990 2.37 x 10
4 

1.19 x 10
4 

3.56 x 10
4

2010 2.37 x 104 1.19 x 104 3.56 x 10
4

2030 2.37 x 10
4 

1.19 x 10
4 

3.56 x 10
4

Present Capacity to Retirement 1990 1.04 x 105 6.12 x 10
4 

1.65 x 10
5

2010 1.04 x 105 6.12 x 104 1.65 x 105

2030 1.04 x 105 6.12 x 10
4 

1.65 x 10
5

250 GWe in 2000 and Decline 1990 4.91 x 10
5 

3.17 x 10
5 

8.08 x 10
5

to 0 in 2040 
2010 4.91 x 105 3.17 x 10

5 
8.08 x 105

2030 4.91 x 105 3.17 x 105 8.08 x 105

250 GWe in 2000 and Steady
State to 2040

2000 6.46 x 10
5 

4.20 x 105 1.07 x 106

2020 6.46 x 105 4.20 x 105 1.07 x 106

250 GWe in 2000 and Increase 2000 8.71 x 105 5.70 x 10
5 

1.44 x 10
6

to 500 GWe in 2040 
2020 8.71 x 10

5 
5.70 x 105 1.44 x 106



Growth Assumption
Reprocessing

TABLE A.1.22. Number of Containers Sent

litil Canisters

to Repository in Reprocessing Cases

RH-TRU Canisters RH-TRU Drums CH-TRU(a)Repository
Date

Salt
3.2 kW/Can

Granite Shire
1.7 kW/Can 1.2 kW/Can

Basalt
1.3 kW/Can i07+-8/hr 1-16R/hr .2-1 R/hr 10 + R/hr 1-10 R/hr .2-1 R/hr Drums Boxes

250 GWe in 2000 1990 1990 1.28 x 105 2.37 x 105 4.29 x 105 3.74 x 105 5.71 x 104 4.78 x 102 8.01 x 103 5.06 x 105 2.35 x 105 2.31 x 105 7.81 x 105 1.14 x 104

and Decline to
0 in 2040

1990

2010

2010

2010

1.02 x 105

7.87 x 104
1.81 x 10

5

1.17 x 105
2.64 x 10'

6

1.77 x 10 5
2.28 x 10

5

1.69 x 10
s

5.71 x 10
4

5.71 x 10
4

4.78 x 102

4.78 x 102
8.01 x 103

8.01 x 103

5.06 x 10
5

5.06 x 10
5

2.35 x 10
5

2.35 x 105

2.31 x 10
5

2.31 x 105

7.81 x 105

5.34 x 105

1.14 x 104

8.86 x 103

1990 2030 8.17 x 104 1.14 x 105 1.60 x 10
5

1.47 x 10
5

5.71 x 10
4

4.78 x 102 8.01 x 10 3 5.06 x 105 2.35 x 105
5

2.31 x 105
5

7.81 x 105 1.14 x 104

2010 2030 7.87 x 104 9.67 x 104 1.33 x 105 1.25 x 105 5.71 x 104 4.78 x 102 8.01 x 103 5.06 x 105 2.35 x 10 2.31 x 10 5.34 x 105 8.86 x 103

250 GWe in 2000 2000 2000 1.37 x 105 2.48 x 105 3.47 x 10' 3.09 x 105 7.54 x 10
4

6.31 x 102 1.06 x 10 4 6.68 x 10
5

3.11 x 10
5 3.06 x 105 8.59 x 10

5
1.34 x 10

4

and Steady
State to 2040 2000 2020 1.14 x 105 1.92 x 105 2.69 x 105 2.51 x 105 7.54 x 104 6.31 x 102 1.06 x 104 6.68 x 105 3.11 x 105 3.06 x 105 8.59 x 105 1.34 x 10

4

250 GWe in 2000
and Increase to
500 GWe in 2040

2000

2000

2000

2020

1.87 x 105

1.61 x 105

3.59 x 105

2.76 x 105

5.32 x 105

3.88 x 105
4.54 x 105

3.65 x 105
1.02 x 105

1.02 x 105

8.55 x 10
2

8.55 x 102

1.43 x 10
4

1.43 x 10
4

9.05 x 10
5

9.05 x 10
5

4.21 x 10
5

4.21 x 10
s

4.14 x 10
5

4.14 x 10
5

1.20 x 106

1.20 x 106
1.86 x 10

4

1.86 x 10
4

(a) Includes waste from FRP and MOX deconmissionino.

pp
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Case:
Reprocessing:

Year RepOsitory:

TABLE A.1.23. Age of HLW at Time of Disposal

3 3 3 4 4 5 53 3
1990
1990 2010

MIU
2010

TIO
2030

MY
2030

2000
2000

7-655
2020

TOU
2000

2000
2020

1995 23.0
1996 21.4
1997 20.3
1998 19.4
1999 18.7
2000 17.9
2001 17.2
2002 16.6
2003 16.1
2004 15.7
2005 15.4 33.0 33.0
2006 14.9 31.4 31.4
2007 14.4 30.3 30.3
2008 13.9 29.4 29.4
2009 13.3 28.7 28.7
2010 12.7 38.0 27.9 27.9
2011 12.0 36.4 27.2 27.2
2012 11.4 35.3 26.6 26.6
2013 10.7 34.4 26.1 26.1
2014 9.9 33.7 25.7 25.7
2015 9.0 32.9 43.0 25.4 25.4
2016 7.9 32.2 41.4 24.9 24.9
2017 7.0 31.6 40.3 24.4 24.4
2018 6.5 31.1 39.4 23.9 23.9
2019 6.5 30.7 38.7 23.3 23.3
2020 6.5 29.7 37.9 22.7 48.0 22.7 48.0
2021 6.5 28.1 37.2 22.0 46.4 22.0 46.4
2022 6.5 26.4 36.6 21.4 45.3 21.4 45.3
2023 6.5 24.7 36.1 20.7 44.4 20.7 44.4
2024 6.5 22.6 35.7 19.9 43.7 20.0 43.7
2025 6.5 20.6 35.4 19.0 42.9 19.3 42.9
2026 6.5 18.3 34.9 18.0 42.2 18.5 42.2
2027 6.5 16.4 34.4 16.9 41.6 17.7 41.6
2028 6.5 15.1 33.9 15.8 41.1 16.9 41.1
2029 6.5 14.4 33.3 14.8 40.7 16.0 40.7
2030 6.5 13.7 32.7 58.0 58.0 13.8 39.7 15.2 39.7
2031 6.5 13.0 32.0 56.4 56.4 12.7 38.1 14.4 38.1
2032 6.5 12.0 31.4 55.3 55.3 11.6- 36.4 13.4 36.4
2033 6.5 11.3 30.7 54.4 54.4 10.6 34.7 12.5 34.7
2034 6.5 10.7 29.9 53.7 53.7 9.7 32.6 11.6 32.7
2035 6.5 10.0 29.0 52.9 52.9 8.9 30.6 10.8 30.7
2036 6.5 9.1 27.9 52.2 52.2 8.2 28.2 10.2 28.7
2037 6.5 8.4 26.9 51.6 51.6 7.6 25.7 9.5 26.6
2038 6.5 7.7 25.7 51.1 51.1 6.9 23.0 8.9 24.3
2039 6.5 7.0 24.6 50.7 50.7 6.5 20.4 8.3 22.0
2040 6.5 6.5 23.3 48.9 49.7 6.5 17.9 7.9 19.7
2041 6.5 6.5 21.7 45.7 48.1 6.5 15.8 7.6 17.6
2042 6.5 6.5 20.1 42.3 46.4 6.5 13.5 7.3 15.5
2043 6.5 6.5 18.4 38.6 44.7 6.5 11.9 7.0 13.7
2044 6.5 6.5 15.8 34.6 42.6 6.5 10.7 6.8 12.2
2045 6.5 6.5 12.4 31.9 40.6 6.5 9.9 6.6 10.8
2046 6.5 6.5 8.8 30.2 38.2 6.5 9.1 6.5 9.5
2047 6.7 6.7 6.7 28.4 35.6 6.7 8.4 6.8 8.5
2048 26.6 32.6 8.1 8.1
2049 24.9 29.3
2050 23.2 25.6
2051 21.5 20.5
2052 19.7 14.7
2053 17.9 12.7
2054 16.3
2055 15.3
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A.2 RADIOACTIVE INVENTORY TABLES 

The radioactivity inventory tables (A.2.1a through A.2.9b) differ from similar tables

in Chapter 7 by showing the inventory of each major radionuclide as a function of time.

These tables appear in sets of two tables; one table shows the inventory of fission and

activation products and the other table shows the inventory of actinides. Tables are pro-

vided only for the different growth cases in the once-through cycle since repository opening

dates have no effect on the inventory after the year 2070. Two tables are shown for the

Reprocessing Case 3. This case has two different reprocessing startup dates and inventories

are a function of reprocessing startup time, since that controls the amount of fuel that is

recycled, which affects the quantities of plutonium and other actinides in the wastes.



TABLE A.2.1a. Radioactivity Inventory--Once-Through Cycle--Growth Case 1, Curies(A)

Fission and Activation Products

MAJ01
rEAR SEOLOSTM 7101! relApkerroN0 irrS,

000TONUO.00 0000 SOSO 0070 SOO j000 MO WPC,, MORO A00p00 S00000 1000000

403 1.0111,06 6.O7E$00 1.97E.000 1.311.00 O. O. O. 0: O. O. O.

CNIA 6.0p#03 6.17eo03 6.1tu.03 5.811A03 11..1w3 3.38f.03 i.Allro63 i:iirrot 3.48,A02 O. O.

NiArlA 1.54.61 O. 0. o. o. o. 0. 0: o. O. 0.

SERFS 41.0140S i.WOR•00 7.SOEN03 O. O. O. 0. 6: n. O. O.

COAr0 A.m6r+06 5O4E•03 3.S3E..01 0. 0. o. 0. 6: n. o. 0.

NPAqA0 PAs2t.04 pirŠIE•OM 2e3lE.04 /0311.00 2010E4,00 1.tafrOA ir.i3r•n4 t.r0r•n4 9.16,140 1.061.02 4.03[1,00

Ni.63 1.04,06 2.16E.06 1.461.06 A.ARE.OA 2.nAer01 1.70fAln A. 0: 0. o. o.

8E0+9 Pe63E.03 P A6/E.01 2.0E4,03 1.16ig.003 P•40F4,03 p Aii9E.03 pAlbrem3 i.40F.003 r.nŠironl 1.27E.01 6.16p.01

NRAA0 poliErn, A.A0E•OŠ t.AAEroS 1.20Em06 O. O. n. n: O. O. o.

Ril.p, 1.31F.01 tolE.01 1;111.01 1.33E.o1 toRIE-01 tosc.ot i.110.-61 1:411,-ot 1.31,..mi .1.31E-01 1.311.01

SeAsOrr.40 ...17FAo9 1.63gr06 1.12E.01 S.031.03 PAiWoOl O. Os M. O. O. O A

zirtAel i.2ŠArna I.PSE4,04 1.M.0144 1./SE+04 I.AŠE•04 I.ESE.OA i.psrAilA 1:i2F.64 l A ter•oll 0.93Cr0] 7a6er03

145.0A3A1 Pol6rPO3 lAP2E+04 1•141.36 lA25E.011 1.iSUA04 1.2StrO4 i.pSwroil i:AtArnA 1.tOron4 9.94E:03 7.09E.03

%Aar 0.69Aro4 9.6914,0A 9.0,4E+04 9.0E+04 9.AbEr04 9.57rr04 r.471,0n4 A:AtAroa AoirrAA 1.86Er0A 3.56E4,07

RUAioArAHA106 .1.00.07 .A.AlfrIO O. O. O. O. n. o: 0. 0. 0,

T0.107 7.00T402 7.00e4,0e 700E1,02 7.00E4.02 7.ft0E4,02 1.00[4.02 Toi0TTP4 T:004.0 61,08114,A2 11.71E.02 6.39E4'02

A0.110M 41.714•01, O. 0 O. O. O. n. n: 0. O. O.

CO.1I]M I.SEEROR I.S9t*O1 S.01E+02 I.12E.O6 O. O. n. o: 0. O. O.

OBripS,TE-125m 1.10E+06 2.06E4.00 1.7SEA02 O. O. O. n. o: 0. O. O.

ON0-26.1.6.126 1.03F*O4 I A M3E•OM IAM114.04 1403E4'04 IAMSE014 9.99E4'03 M A ASI.M7 7.i1F.M3 SA17F.AM3 S.EAE.OZ 1.02E+01

1.tAl P.ASF.02 A.ASE.Op 2.0E402 2.415E+02 2.114E.i02 E.ASE.OE A.[ISAAmi A:ASerolt 2.44,4,112 2.40E+02 2.3SE+02

CSOU 400E4'06 1.13E..01 2A9ME.04 O. O. O. Ó. 6: O. O. O.

C8.633 1A92F+03 1•42F•O7 1.42E.003 t.92E+03 1.reE.03 1.02E4.03 1.01AAn3 i:501.03 ioarrn3 1.71E407 1.52E4.07

CSAi37+FAA137 A.sqrone A.71r40A 1.71E+06 1.40E.041 1.40E.01 0. 51. 0: 0. 0. 0.

CE.j44.PR.144 A00E+05 O. O. O. 0. O. M. 0: O. O. O.

PM.00117 1.01p*O7 3143P,01 1•6IE.01 O. O. OA MA O. O A OA O.

Ell".!,1 AAOSE+06 54101E.06 4.61E+06 ise/E,005 S.a0E4,07 O. o. 0. 0. O. 0.

Ell.i02 3.24.00 1.00E4'03 5;0E402 3.76EA0A 0. O. n. o: o. O. O.

ELI-iSa lioŠOF•OT 102[006 1•14E.OS 1.66E.02 Oe OA Ms o: n. O. O.

LOSS 1 .23F.05 6AO0C•04 2.64E.07 o. O. 0. OA b. o. OA O A

0,01,01 1.0E+01 O. O. Oe o. OA o. 0. O. O. O.

TOTAL 1.31E4.09 4•64E.00 2•90E4.06 4•96E.AOS teilE$05 lAhlf"S i.q,"" 1.13"0g 1012,,AMS 4ASE,104 1614E+04

A. rALUrgl LESS *MAN 1.0EA10 MAVF SEEN DE4TENATE0 AS ZERO.



TABLE A.2.1b. Radioactivity Inventory--Once-Through Cycle--Growth Case 1, Curies(A)

WEAR

RA01ONUL/DEB (S) /000 2010 2070

Cm.pAs

CM.pAis

CM.p4S

Cm.pas

AN.E111•01.239

AM.2ApmeAN.20E

Am.pat

FLI.PRE

PU.Ps1

Pu-RSA

EU9E1A

Fu.p36

NpolTARA.233

u..p%A.34,
FA-2149

u.pet,

U.PFS.Tw.pši

Umpla

U.pF3

U.typ

EA9pli

7149736

Tio.pERGT DAUGHTERS

TH9P2A., DAuGHTFIs

AD.p2794 DAUGHTERS

TN..pIpAp DAUGHTERS

RA.E26.5 DAAHTERS

ps.plo+p OCANTERS

TOTAL

8,
B.

a,09E•02

P.Q9s4n,

1.7RETOR

4.00E,00

I.SRETOS

1.22E,01

1.76E90?

1.98Fons

101E908

1.66E+0b

P.74.06

1.0E907

E.30E7M

4.18E901

a.FRE.0n1

R.OSE.02

0.111ETOS

A.7IE.01

I.OSE.0a

1.16E901

R.70E904

2.Sa

00SE•nl

E.07E•07

3.0E+06

FOEFT06

7.rni06

t.PIE.OA

5.110401

R.SPF*03

i.77F•01

A.10E•n?

WIETOR

moMEA01

F.TIF'01

4.FEFAon

4.10F.02

ROOFTOP

E.SAE.00

10SE.05

S.SOE.01

1.710E.ni

607E+07

1.0E•OE

1.0SE+03

LoOrooy

LOE.004

1.0014.0,5

2.0EA2A

2..121Aor

0.90E401

I.1RE.17

2.72E+06

6.11E•na.

q.%0E.07

5.464•03

9.52E+os

1.7TE•OS

4.10E.CA

1.1SE.04

1,0E4.00

A.A3E+01

S.A.RE=01

S. I 7E4,00

6.214902

3.166902

3.11E900

3.77E.05

9.17E901

20,7E.01

5.01E907

Actinides

OEOLOOre Troy ,rrAys.OrrONo 19rO5

so0 0" "" 1,000. .1O000 In0006

6.73190E

3.62E902

4.664901

6.701A0s

1.60E906

logE.,04

1.34E907

9,07E903

8.74E902

3.61E906

1.0E.90A

2.79boos

O.

1.02690a

4.SEE,906

1.61E1,03

4.32E+02

1.66E•oa

8.26E+00

1.90E901

2.65E900

1.20E9.01

1.31E900

7.12E900

1.66E+01

1.21E..01.1

2.61E901

1.41E701

/.0SE.907

  ..... 0400

IA,A7E.62 soollE.Ap %.01,9,n2 2.(17r.ent

1.71E90 O. n. 6: 6,

1.14E906 0, n, 6:

6..3E902 A.96E..06 n. n: O.

1.0E.04 9.97E..0a 603E,90 1:0E9n1 102e...M

1./12E903 1.70E..0.1 n, n: O.

6.01E+06 1,06E.O4 s m.:Apo)? i:IRF601 2OOF.01

R.ARE,007 R.AREAOS #.1.0F..n3 9:TIFon3 A,EIF•oS

1A,A9E.,n2 6.00E402 ii.cAFenP 1.01.001 POOF.M

3.14E.,nb 2.21E.06 100F.,n6 P,:10FAtt4 100F.602

2,45E+36 2.37E4,0A a.n6F.n6 6,66F.OS 1.61E..n5

A.A0E.M3 1.6SE.OS n. n:

0, n. n. 0: n.

1.140.904 1.11E4.04 I.RAPAnti louremA

A.AsE.nS 9.72E403 A.E2F.An3 o:i1E.061 0.12E901

1..6E.03 206E+06 E.431.1.1 F.A0F4,01 E.40FT°3

aosEAnt 4.11E906 4.761.44 6071.7n2

1.%1F.04 1.16E..041 1.1.51•n4 i:papons 1,121.1a

E.i1E901 1.61E,00t 1.16E962 1:0E.M6 E.70F,An1

1..11E901 O. s. o: o.

4.66t.00 ease•oš 4.1lF•01 1;73F•" e.,"•"

.i2E+1? 1.74E•01 1.13E4,0 4:it6E4n3 7.10E+n3

600E900 2.31t*Of 4.7619.962 9:00.n3 iolpona

5.1.41E9n? 5010E901 7.11E963 4:a7E902 1.E6r•n?

1.71E901 1.710E+02 1.g0p.62 i.119E.03 P.941...m3

2.AIE.04 1.46E-03 3.11F.n3 1:11EmnE 1.18E902

1.02E902 2.03E901 1.41E961 p.i6Eon4 4.29E+04

6.41E46S 1.02E711 P.ASFAnS 1:ASE,OR 2.151.$34

I„22E+07 4,7SE,06 NoRIF.Mee +.06FOMS 3,051,4,M5

VALUES LESS THAN 1.4.10 .0s BEEN otsIGNATED AS ZERO,
74.09; 7 0AuONTERS ARE RA•ipS, AC9E21; FR.ppl, A1.217, 6792i3, P69209 AND TL.1,00 78 9% nE TH922.1 AHD A0.211
1H.EE8; 6 nAuONTERs ARE RA.2F4; RN.220, P0.216, ss.sla, RI.pip AND TL9206 IS IA% Dr 4H9Epa AND El.PIE 46 Oat
AC.E27, 7 DAuGHTFRis ARE TH.2p7, RA..221, 9N.S14, 112.211 AND TL.R07.
704.212, 2 nYIJOHrrys Ayr RA.2E8 AND ACO2E0.
RA..??6, '5 ()CANTERS ARE RN..??2, FO.21A, F4.214, SO.214 ANO En•pia,
68.210, 2 DAuGHTERS ARE SI.ASD AND FD.210.

s00000 1000000

O. 0,

O. O.

O. O.

O. O.

O. O.

D. O.

0, O.

A.00E00E 1.60E4,05

o.
1.87E.00 1.27E.06

1.30.04 1.I5EACIA

9.S2E4A3 9.SEE.00E

2,77E.,03 203E4.03

6.11AEA02 6.111100E

S.7SE.00E 3.AIE.003

6aSE,A03 6.MSE•03

o. o.

s.ose.se s.ose+oe

6.74E+03 1.12ElO3

604E4.04 a.ssr.clA

11,70.01 R.ASE.OI

2.41E,03 2.47Es03

20AEA01 41.06r.01

11.07E•08 2.a7E.04

2.08E.04 1,14E,O4

1.64E+05 1..P9EACIO

10 1115 OF TH9p29,
OF Tams,

NOTE, IN ACCOUNTINS FoR THE WIYITV IN TNIS MANNER, SRANCNINA DECAY IN THE CASE OF TL-EOS (340 F.D.pjp :03), AHO T1.9109
(Ix) . r0.2A1 tqlr) yEltr eOuwrEO As A SINGLE DAUGHTER lw EACH CASE, MIMOR FR -AMEHINI tij OR LE48) Ha6 IGNORED.



TABLE A.2.2a. Radioactivity Inventory--Once-Through Cycle--Growth Case 2, Curies(A)
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$11.4100.00
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NUe111641114•106

AC0.11”
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S9ots,11.11S41

11.1.12.010.126

Ie1P4

CS.mIU
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Cs.10.,AA.137

CE.044.10.1411

P...017

oSmst

Oil.i9a

EU.ISa

Etp.iSS

:::::

P000

vto

7010

Fission and Activation Products

mow 774r fvoilo,Ore090

T.1070 !00 000 3000 1n000. ,10000

19705

10000 500000 1000000

7.74706 1.067.00, 1:03EsoS 41.07E•0S m. O. m. 0: 0. 0. 0,

1.61E600 14E4,040 3.44ff#04 A .641,04 3E4.040A 1.11U,04 i.iA4,m4 4,:i74,01 le.04,4mi 0. 0.

4.044002 5.97[4,0, 0. 0. 0. O. 0. 6: P. Oa O.

1.01.7.7ne 7010E701 1.6SUPO1 0. O. O. 1. 0: n. O. O.

1.717707 A.60E70.7 3.101.000 O. O. O. n. n: O. O. O.

9.014.00 1.03e.0.3 1.43E•OS 1.02E700 1.A2E709 1.77E709 i.91,..n5 4:i9A4,041 6.01.7n9 1.06O,01 0.00[701

ok.777 4,66 1.9174,07 1.30E707 6.10E709 1.417,141 i.10[..09 C. M. O. 0. 0.

1.00F•111 1.003E,011 1.0E1004 1.64E004 1.0.3VPOO 1.50U,041 1..401,4,00 4.0.6f..03 S•67,653 70,01,001 7.A6E.01

6.60.07 1.73E4.07 4.01E4'06 2.3111.05 O. O. ne n. 0. O. 0.

A.OF.M 01•11ef.01 0.12[..01 So1iEs01 4.i1E.01 01.111•01 01.iPir.O1 P.TPir..01 #.121r.M 0.12F.01 0.1W.01

i.731r4,00 1.19F+no 1013E.09 4.66E4.04 2,07E.M1 n. K. n: n. O. O.

1::::::10:

7.6IF.ea 7.1'1E4,00 .r.w.600 70%1E4,00 7.74[..04 i.i0114,m0 4,...11141,4 1.461,4111 6.20E4,04 001E4,04

101E1'04 7.1.0E4,00 .r.0e4.00 7.mar.no 7.00E4,00 7.78....no 7:..a..,no 7.47..n4 oatE.00 0.00,..o.

P.54#07 6.OW'S AalOtOOS 6eriat#05 A.A3f4,113 3.93ffq.05 4eASIAAS ‹i-UAAS 6•35,*(15 1.1614,O9 2014444

1.04.1r416 i.P5i.01 1.24eA07 Oe A. O. fte A: fle O. Oe >

1.501E+14 4.1.0F•o3 A•601.03 4.60E•ol 4.407•03 1.60o•03 a.loor•A3 0:07707 A.55.7.13 41.30C.03 A.tol..07 W
W

1.6074,02 9.007.09 O. O. O. O. C. C. n. O. O.

7.4111E+no 3.n1E7041 ).14E70.1 o.itE.05 o. O. 1. n: 0. O. O.

A.09E706 6.6074•07 7.90E701 O. O. O. n. it: A. O. O.

p.79F.A4 0).0.0F+0.1 0,..0.0E.011 6.66E4'04 6.44E4,00 6.46E.04 4.1041'.4111 ii.i3W.0041 304..04 2.00E4.03 6..57E4'01

0..401E•ne WASE,05 1.0g4'011 1.5014'03 1.0F...01 1.SOP.07 10011.1,m3 1.ii314.03 1014.4,03 t.0g4.03 1.09f4.03
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7.427709 O007,09 1.57E709 103E709 1.79E4.00 O. n. M. n• O. O.

7.0E*0.5 3.30E.04 O. O. O. 0. 0. n: 0. n. 0.

al e: S.I4E.041 2.117E.02 0. 0. O. 0. n: 0. 0. O.
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9.92E707

3.15e.nA

7:00E707
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2.1,1o.00

m.

9.fto..10

O.
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0:

n.

0.

O.

o.

O.

o.

1.444.07 w6E4,07 1.16o4.07 1.00E.01 1.(17E.10 0. n. n: r. 0. O.

(..797.009 309E701 1.01.02 O. O. O. n. 0: O. O. .0.

POW701 7.1.27..10 O. O. O. O. n. 0: O. O. O.

0.00E+00 d oor,#00 p.00..00 s.mE4,00 1.,17E.00 1 01E00 0..i0r•n0 4:101o.00 %upon! /moos tote.os

A. VALU011 LEIS 7mAN 1.0!..10 0101, OgEN DESIGNATED AO ZERO.



TABLE A.2.2b. Radioactivity Inventory--Once-Through Cycle--Growth Case 2, Curies(A)

Actinides

OGOLOGIC TTHr plAAS,SrvoNs PATS)Y[AN

NMI:NUCLIDES (s) aoto p070 500 j000 s000 1p0f10, SsOMO 100m00 300000 1000000

CM40113 1.31E•DE 4.03E+01 2 02E'003 703E+03 7.i3E.03 3.31E+03 1.10E,63 1:0ESe2 1.441,010 O. O.

CH•71441 1.38E4'07 700E+06 3.67E4.06 6.4SEHOl 3.13E•0R O. M. 0: O. O. O.

CN.PAS 517FA04 s.7sro0A 3.+3e,04 5.10E•oo 1.12Eo4 O. D. M: O. O. O.

040.42 $.30E4.03 3.22E+08 2.66E+03 0.61E+04 4.TIF,A13 3.64E.OS n. 0: O. 0. O.

AM.11134,NFo236 .1.144.0s 1,47(4,o6 1.16E+06 1.22E4,06 1.i64.06 oht1(.00 e.isirsms 1.00P0m2 0, 0.

A"pile:#40.24/7 R.SSETOS 7.A0F.08 7.131•08 1.12E+09 1.i31004 1.37E.O4 M. M: O. 0, O.

AM.PAi A.24.07

1.09E,O4
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1.62(.006

T.AIETOR

8O9E•07 300E.m7

7.AIET04 1.110E..04

7.09E.DA

7OSE,04

S.APE,m3 1:i2E+01 10.4.00 0,

2:7(.06 .19F.04

+.01F•n9 6.641E+06 1044,006 1,161503 7.03E+03 5.32E4.03 11.E0E.m3 1:P2E+02

0 

0,

FO,P610 A.A7F+06 202E+07 202E+07 2.00+07 1.63E+01 1.201E4.07 7.47A•m6 T.S3E.02 0. 0,

Fp)..p30 H.A0E+06 IOSETOT 1.0E+07 106E+07 1.14E4.07 1.20E+07 1.f1SE•ml 1:110F+06 A.P2E4,03 4.5141.00 A.A6E-06

FO.,73A 1.61F•07

ru..PU 1.80E.c2

601E+07

3.10F.01

5.0(4,01

?.34(.03

2.44E+06 50.7F,014

O. 0.

1.36E•oil
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n,
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m:

n:

D.
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C.

D.

O.

o.

P0.037•PA.4.33 1.2iA.0/4 3o1E4,OA 3.5U+D4 Aost.+Ni A.App.ogi looe.oN i.m3A+H5 loor.os S.TREAOR %MAU

Li.E4IAGT..2344, i.90E•7u 4.54F•Ou u.saE•04 4.841•04 .441,4,04 4.34E+04 a.quf•nu u:iur•nu .sur•eia a .SeE•oi. 4..544E•oo
PA.2344

1.1.2116 1.1,w,04 1.m6y.04 10qE4.04 1opp404 1.30[4.00 1.411,,oc4 1:46E,mA 2.b4EA04 1.42E•0A

U.PYS,Tio.251 S.57E+02 1.00.4F.OI 1.0E.13 1olEA03 1.81EA0I i.02r44.1 2.69rAmI E.AaADI 20,4E.03

1.96E+04 5.83F•ou 6. IE•ca 7.98E.04 8.10E•Ou p.nirsna 7:12g•04 6.5bir•n4 0.16E•04 1.92F+04

U..2111 1.78E+00 A.RDETDD r.I6E4,00 S.01(.01 1.i7F..02 9.ARE4g4 Aw.ArAAI 10601,0 41.10EAoA GATEAU

UAtrl A.isE•cE 5,115E+0? 4.49E+02 9.02E•00 7.i2E.02 0, A. 0: 0. O. O.

EA.1031 200FT00 2.861.00 51.39ET.00 106E4.01 8.A7E+01 1.441E+.12 i:TAE•02 1,08E.,63 1.3g..03 1.32E4.03

TH.PID 3.21f400 2.60EAct sAREAAA E.83EA02 6.A6EA02 L.ISEADI A.ATrAeg r:ill.DA 4.111p.01 7.74E•150 2.11E4,00

THAp204.7 nAuGHTERS 6.04.03 I.O1F.01 3.n6E.01 4.0E,o00 4.i0E,m1 1.89E4.03 R.A8EA.m3 6:S6E•OR 1.2•0 TmS 1.29E.005 3.t9!oos

74APEEA6 DAuGHTERS p.iiit.n3 30)2E+03 3.P0E.003 b.48(4.01 S.TOE.01 2.02E.02 A.Aor.,62 p:6SE.01 q„60s..01 2.816,00 8.61[4.00

4C.427•7 DAUGHTERS 6.15E.01 106E+01 1.81E+01 7.36E.01 t.044,02 7.10E+02 i.40r,n3 S:74F.03 1.06E.041 106E+04

THATIP.op DAuGHTERS S.47E.06 8.83E-08 $.941.0S 7,03E0OR 6.67E.03 1.00.6/ 1:i6E..01 2.16p.ml 1.21E+00 2.60E4.00

RA.pwor DAUGHTERS A.69E•12 1.02E1'00 3.S2E.000 1.67E+02 6.0'4E+02 1.19E.04 1.i1w•A4 i:43p.os sospons E.EsEADS 1.27E.OS

NSrplorr DAUGHTERS A.87E.03 6.13E.01 S.S1E.01 7.09E+01 3.122E+02 3.961,03 i.SSUPOR 1.27Poos 1.I4E+05 6.331004

TOTAL 1.11EAO9 /03EADA 61.37E+08 1.26E+08 7oteE.07 2.6IE,D7 ioIrAmT 4:i0ESO6 1004.06 0.73EA0S 702E4,03

A. VALUES LESS +HAN 1.0r.t0 HOF PEEN oes+oHATED As ZERO.
S. 714.2E9; 7 MAuGHTFRIS ARE

!okapi', 6 oAusimAlo or
RA.IPS.. AC.22e; FR•221.
NAA2p4. IROASIA,

A7.213, AS.10 AND TL.S06 is RI !IF 7H.E26 AND
PSA212, RIA212 AND TL-20e IS IA% Or +1.1.2PA AND EM.P12 VS:11:: 0: 4.2::.T"P29.

AC.2p7, 7 DAUGHTERS ARE
7HA232. 2 DAuGHTERE ARE

TH.227, RAH223; RA.214.
RAA2PS.ANO ACAESS.

1.0.21S, rsAlit, RIA2II AND 7LA207.

R4A2p6. S DAuSHTERs ARE INA222, rS.214. ST.414 AND Em•EAA.
R 15.210, 2 DAUGHTERs ARE SI.210 AND R0.410.

NOTF, IN ACCOONT/NG FOG THE ACTIVITY IN THIS miNNEN. ORANcwINA DECAY IN THE CASF oF TO.E00 (30) • RO•lit (OM), AND TL•209
. 4110 HERE COUNTED AS A SZNGLE DAUGHTER IN EACH CASE. 'goo AAANOHINo (It OR LESS) WAS IGNORED.



TABLE A.2.3a. Radioactivity Inventory--Once-Through Cycle--Growth Case 3, Curies(A)

Fission and Activation Products

mAJeR
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AR.AN 1.04E.ANA A.011,0A 600E+07 3.041'04 O. O. n. n. O. O. o.

R8.A1 4.04E,M 4.O6E.00 4.001,00 4041,00 A.n$E.A00 0.011000 00,11,4.00 A.00114,00 A.014.00 0.0$1.600 11.08A.00
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2.72E,n9 i.IRF+10 7.EVE+09 3.20E,OS I.4SEAe0 0. n. ft. n. -O. O.

4.R0F+04 5.0114.05 3.91E+05 5.o2E+05 E.A2E+n5 501E+05 1.400.+AS w:Aly+015 11.+01...n5 3.11E+n5 107E+05

NReflIM 1.811+04 109E+05 0.71E+05 502E+05 E.olEA0$ E.REE.Os Rolly,nS 1.A3E406 1.751.05 3.11E.OS 2.47E.00S

TC.A41 7.0400S I.04F•06 3.01E•06 1.011•06 1.03E•06 2.441E0A s.f.0,•06 1:m11•06 /.10Y•n6 1.41E•OG 1.11EAOS

RU.I0Asom..106

em.iny

A.0(..0A 1.01E,0A 1.05E+00

1.93E+04 A.1111r 4.14 2.11i.014

O.

e.11E4,04

n.

aocii4.04

0,

2.NIE.AOR

M.

A.I0A•mm

ft:

1:10m•nA

n.

P. 

O.

Ea0EAnA

O.

1011E+00

AG,ItOm 4.901,01 A.RIE•01 1.41(.07 0. O. O. n. 0: n. 0. O.

coorsm 1.10.0.5 1.11E+03 1.inE+05 2.t4E+04 n. O. 0. 1: n. O. O.

OR.,?myTE.125. nolt.006 I.A8E4,06 2.r4E,004 0, 0. O. n. 0: 0. O. o.

Rly.,2A+ER.116 3.11OE•OR EoloOsets E.ERE4,0O EollE4,oO oadirooS 1.i31,,,,O A:',01,4,o, 1.011•oO 1.00s0A 3.3001

ImtPR :::::::: i.7eF.01.1 7omE.O3 7.78E4.05 7.iAí.n3 7.781,03 i.i81+05 7:7.7E+02 7.70m.bnE 7.63E+0E 7,A1E.05

C8+I1A 4.94.01 tolF+ny 2.,P2+141 O. O. O. n. 0: n. O. O.

CS.ISR 7.64E,03 6.411,04 6.11E.004 $.11A,04 5.11r.O4 6.70WA A.loyolm A:ARroen 6.17pone 5.62E+04 0011.04

C0.07+pA.157 11.79E+ri9 1.71.Fs10 1.00E+10 $1.16E+00 m.OF+00 O. n. 0: 0. O. O.

OE+1444,10.140 1.06E+06 e.m0(4,0.5 4.ERE.03 D. o. 0. 6. o: 0. O. O.

mm.ja?

em.osi

7.64.07 3011p#0! P.oPE•os

11.0P,n7 1060.0R 1.0(4.011

O.

6.0E4,06

n.

1.ilp,0

O.

1.REE.O9

1.

n,

6:

m:

0•

e.

o,

O.

O.

O.

Eu.iSa 1.S7m#05 7.70A.05 1.11E+05 7.1SE.06 0. O. n. n: n. O. O.

Eu0Sš M.0E+07 2.51E4OR 100E+00 1.52E+00 1.00E.09 0. 0. II: n. O. O.

Ell.05, 1.0E416 3.52(001 1.67E+02 0. 0. O. 0. 6: n. 0. O.

OTHER ,10144.01 7.R6E4.00 6OJ2E+09 O. O. O. M. 0, O. O. O.

TOTAL 6ME4,09 00 1.09E.In 1E+10 1.60E+07 S.AIE,06 5.07E+05 ii .elr yn6 4:T9p.66 5.521,66 i.31E•o6 6.11Ot#09

A. VALUVI LAU ymAN t.0E+10 mop 6gpm DESIGNATED AS ZERO.



TABLE A.2.3b. Radioactivity Inventory--Once-Through Cycle--Growth Case 3, Curies(A)

Actinides

YEAR GEncle7e Tymr!YEARIA,BEYnnn 1973:i .

RADYONLICLIDER p060 PORO p070 900 lo00 S000 IODOP, .5000 100pOn S00000 1000000

Cm.pgg A.PREAOS poWoa 4.0SE.0.04 3.941E+0A 3.,SE,DA 2.70EADA i.7044111 6.,0r+De 9.16r,60 o. O.

CM.pAA P.OSUPOT AdibETOT S.0E.07 S.01+00 2.11E.C1S O. fi. M. O. 0., O.

01.,03 7OSA-4,(14 3.ASU0OS 2.5EE4.04 3.81E+0A T.RSE.OR O. 0, 0, 0, O.  0,

ON.PAP p.11F.1.0S 1.71E+06 I.SAE.006 P.ASE,AOS P.4IE.(14 3.nor.04 n. D: O. O. 0,

Am.p43+NR.E39 7.78E4oG h.79E.08 6.3RE,011 6.15E+06 S.ASE.06 4.09E4.0& ,A.MA.Ano, h:.Ar,onA ..ereAme 0. O.

94.FA0.414.214p A.72E.05 4.17E.06 3.61E4,06 5.46E+05 6.11FAD4 7.30E.04 D. 1: O. O. O.

AN.pb1 6.10on7 7.14E.DA 6.011E,D6 A.91Z.0. 2.A3E•A8 3.614An5 1.79r,DA 6:r1E4,112 60011,10 0. O.

Po.pAp 4.61F•04 3.7pr..65 702E606 3.726.09 lopErMS 3.64E+09 11..6rrm6 1:A0F015 3.10,405 1.49E,OS 5.98E4,04

RU..pat 1.65C.O0 A.SRETOR I.TREI.OR 305E4.04 3.7444,1 11 2.71E4.011 1.7lArrn4 6:61.rm? A.AAr.00 D. O.

Pu.rAn 1.40E4,07 1.06F.06 1.06E4.08 1.02E+06 9.04.07 6.62E+07 1011,4,67 6:Abrels .1.77r.DO O. O.

Ru.r79 6.214+06 6.b0F4.01 6.90E.D1 6.112E.07 6.73E6.7 6.04r4,07 A.Abrom7 1,i1AAn7 A.120..mb 0.70a,n1 3.p4foo6

PUAAAA R.3YE•07 S.101"04 301E+08 1.36"07 3.A.AF415 7.M.04 Os 1. O. O. O.

Pll.p36 S. 16u007! 105E+02 1.04E4.00 M. n. O. n. 1. O. 0, 0,

NR.W.101.233 I.ASEAla 1.60FA0S 1.70E.05 3.2E1.05 di.7AE,D6 6.19E4'06 6.14E.D6 A:i1F4.116 m.nSuAnS 4.42E.OS 3.76E4.0S

U.PA9.T..234. 1.05F+na 7.p7itog 2.p7E.05 2.27E,OS P.,7EAI5 7..77FA.09 p.,71.n5 A.,TF,OS PO7A•05 2.E7E.1.05 2.e714.05 )›
U.pA6 

RA.P3AN
6.60E+03 5.73ETOA 5.14E•04 5.ASE.0041 5.Ant,n4 6.5iteno i.psr*,.11 .:11,4.04 002,..n4 gog.na ek.touou (.....)

CIT)
u.?7S..T6,.231 407A,01 A.A4E•03 9.44E+07 8.50E,03 A.N7Ea13 906E,03 0..11 001 i.AIE,OR 1.10RonA 1.33E,OR 1.1iE.OR

U.21A p.4A.F.,04 ?.Anr.,05 2.49c.06 5.95EA05 ci.10EAr:5 ti.OTE•OS /1.0Er•09 ,!..0A.0S 3.79..4.05 I.SAEAnS R.EVE.OA

U.AA3 P.OFACIO 1.02E+01 3.73E.01 2.40E4,02 0,.71E+02 4.42E4.03 1,01,...,4 A:41RA.n4 A.A6A.P0A 2.00,11S 109E4.0s

U-PIE A.b6r',02 3.12E•04 2.03EA1.1 5.O 7E.001 4.I9E..n1 O. n. 1. n. O. 0,,

RA.plIl AOSE-M R.R3E•iln 1.1 7E., A.S2A4.01 4.0E+01 A.A3E.1.02 ...73,4,0? ‘.0F.,03 N.AOR..03 6.63E4413 604F4,07

TN..7,30 A.0A+00 S.A4A4.01 I.4RE.Al2 1041E.003 T.iSE...MS I.WAE,AOR TOAR4.04 1:0A4.0s R.inp.onS 1.901,0S 1.0SE4,05

TH.p29.7 MAU3HTFF/S T. SS.07 A.A3F•01 I . 1 9E•00 3.72A•01 2 ,n8E•02 1 .AEF•03 A.Aar•na 1:i6r.O6 A..aTr•nS 1,bSE•06 1.40E+06

TH.ppA 4,A0AIJONTERSI.OE.03 A.PIE.OA 105E.,04 3.72E.02 3.n3FA,r10 1.01E.01 p.1,...e1 1.10E+00 P.760..0n0 1.411E.01 2,.A1 1.001

AC.,27.1, OAUONTERS 7.4SF•01 4.59E.01 6.90E.9l 3.91E+02 7.144.11 3.50.01 A.o4r6.3 7:AZIF.111 4.A2r#AA 6.30EA04 6.10F.DA

TH.p3prr 0AuGHTEAS 6.0F.06 WEE.'" 3.45E.0R 3.34E•03 7.01F-03 A.33E.OE 8.114,...nE S.4RE.01 1.14,4.00 6,05E+00 1.2IR.01

RA.PE64.E01LJ30T,RSI.14.01 AORE.bon 1.24E•01 6.70E.02 3.1Qp.03 S.04e..0ii lochro.nE A.1 1,E..05 1.47AT06 1.1 41E.N, AOSETOS

rA.ricyAr DAUGHTFAS 1.09E.02 1 .1 7F.On 2.A6E.00 3.17E402 1.46E403 2.91E.00A ?e,OAOIA 0.0F.005 A•AOA'AMO 9.71E.05 3.17F.05

TOTAL 1.6IETO9 SOSETOR 3.16E.0041 6.40E+08 3,05E+18 1.31E+0A g.4111.007 p.ils 00/ A.a9u416 A.SO4.06 3.17E.006

A. VALIA,A LESS r4AN i.f4.10 HOF REEN DESiGNATED AS ZERO.
6. 7..2p9, 7 DAusm4116 ARE RA.2PS, AC.225. FR.221. 0.217, 01.2i3, PS.209 AP,;0 T0004 T11.93 or 7m.224 AND r0.20 IS 911 OF TN.229.

TH.229. b ObUGN9FSS ARE RA.Epa. RPM% ou.216, g8.212, g1.2i2 AO Ti...E0g ig AAR Or ...err AND R0.112 79 606 OF Tw.22p,
AC.227, 7 OAHOMTER$ ARE Twat?, RAHEE3. 4N.210, RA.Eii, AI.211 APO TL.POT.
714.211.2. 2 ngurAMTFRO ARE RA.2E8 Ann AE.PES,
EA.PER; S 0AtIGHTERs ARE 01.272, E0.419, ASA2I4, 81.214 ANO Pft.21A,
PB-210, 2 DAL4111114 ARE 51.21 0 AND FO.r1n,

NOTE, IN ACCOIWEING EoR THE ACTITITT IN THIS MANNER, ORANC4INA: DECAY IN THE CASE Fir .404 (30n . IAO.ETE (6M), AND TL.EOR
pnwil (q1I) HERE COUNTED AS A SINGLE DAUGHTRA 10 EACH CASE. MINOR AOAASOM!N$ OA OR LFOO) NAR IGNORED.



TABLE A.2.4a. Radioactivity Inventory--Once-Through Cycle--Growth Case 4, Curies(A)

Fission and Activation Products

vgAR 11101.0410. 77141 plAps,OfynNn tO,S$

0090 A070 SOO )000 9000 19090, ,16000 10000 000000 1000000

9.J01
0.070NUCLIOES 2000

M..3 !".4118f4.04 1.11.5E,01 7.61E.P06 O•941.041 O. 0,1 Os e: o. o. o.

c.10 111.04.0P 2.0.3E.0S 1.631,009 t.SOE.OS COME4,09 1.4514.04 7•43,014 6:100AnE 1.400+00 0. O.

Nt...14 A.s0A.0S o.PSE.OZ 9.0E.OS O. 0. O. n. 0: 0. O. O.

Rg.44 201F*(1 1.23F.n7 0.10E.00 O. O. o. n. 0: o. O. O.

CO.FO 1,11F•04 5.64E+01 41.672..01. O. O. O. O. 0: O. O. O.

../.44 Isil1f.01 $1.spEoOs 9.11E.09 9.49E901 41.491.009 0.13E•0S A.i4r.n9 6:40.0S ...01.P.n9 1.16EA0A 1.6AAAOR

N1.43 gaZA.009 1.161,4.04 100E4,011 000E+06 1.m4E+OS 9.07r.09 O. 0: n. O. O.

8E.79 1.61F•nt 100F4115 1.q$E4,05 1.00E•OS 1.A7E.69 1.03E+09 A.isr.n. 6:00.1+4 Somp..... 9./6E4,01 1.99E+00

AA...o 7.52UPOS di.R9E,04 1.27E•011 baso.00 n. O. n. n: O. O. O.

AA..? 7.03*.n3 9.150.0 S.39E.00 0.35f4.00 soesE.00 solswo 4.115r.n0 i:vor.00 005.4110 .905E4.00 %low()

50.00,Y.00 4.114.07 t.O3E010 1.11E+10 9.02E.09 2.03E4,00 O. n. 0. M. O. O.

211.03 7.65E•Op r.ISFIOS 9.01•09 g.i41.00 5.i41.09 S.111,09 9.ilvfoog i:.34.og 4.91,..14 4.001.01 1.040.403

Ne.elm 5.1401"O2 4.16F+O% 4.74E.OS S.10.0S S.iSE•nS 9.f40•09 7.i3r.n9 s:h3u.e9 A.GAA•09 4.00E.OS 3.05E4,09

To..ao A.o9A+n3 3o9F4.06 301404.06 3.00A+06 3.140.410 1.92E04 1.16...n6 1:1011.06 2.47A.06 7.671.09 1.0E4,09

Au.104.ow.106 1040F,OM 4.PAE.06 8.11E+00 O. I. O. n. 0: O. O. 0,

110-907 A.0v.ol lo6E..0A LoEcIA 3od..04 700E4.0 3,ailt.,041 T. 4:0E1904 9.ntA4,05A 1.A0E.04 1.79040A

.4.1104 7.011roO7 7.64E•OP 1.971.06 O. O. 0. Os 0: O. 0, 0,

CO.,13m 70.0F.0a 7.75F4.0s E.INIloo 4.00.04 0. O. n. n: n. O. O.

118-9 294.,E.123m 1.40von3 1.9tE*07 1.tAE4.09 O. O. O. n. 0: n. O. O.

NN.FA6.,0.100 6.32F4Ap 0.01E4,0s 4.011.53 4.40E4.09 8.10A.05 9.191909 A.14,.6E I:1Er#60 2./to.nS IJ8E•04 A.34E.011

lopo
1.53"" 1°2"" 1'621"a 1.02E+04 104E+04 1.02Z.041 1•920,,n9 i:itlironA tobronA 1.00E•oa 000E#03

O8.13.1 9.9b..n3 1.17E.06 1.30E,OS O. n. 0. n. n: n. O. O.

C8.135 1.06F.4112 6.7SF*0. 8.101.0.1 0.10,0a 4.0g.04 1.211A04 A.A90:64 A:i9r.na 0.0Apoo4 7.111.04 9.51E4,04

00.137•44•137 .1.414.01 2.601010 1.091910 1.39E,011 1.19E+91 O. fte 0: 0. O. O.

CENf144•PR.144 1.031.02 1.74E4006 3.19E-02 O. O. O. O. 0: O. O. O.

Pm.94,

lio.iot

A.60F4,04

oagosoO

1.73E4.04

2.71t+06

0.,3[4.09

1:31O4,06

0.

o.ilr0.011

o.

1.i01.009

O.

2.51o...00

O.

il.

il:

o:

0.

o.

0.

O.

O.

O.

towiSO 1.05e4,01 7.10F4.05 1.1414.0S 1.491.00 0, O. 0. 0: O. O. O.

111.694 ..464,0g 401E904 1.911.00 4.03E+00 i.i6E.00 0. 0. 0: O. O. O.

110.41 9.114,01 1.101406 1.0E.,03 o. O. 0. O. O: 6. 0. O.

01401 5.0E.06 s.M/4'01 Ao0E..08 0. 0. 0. 6. 6: 6. O. o.

90741. 7071407 6.60E•10 R.ASITto g.RAE.ol 1.i3606 A.ASE•06 4.A1s66 iN0606 4.SEi.06 101,•06 E.GGETOE

A. VALUES LESS TNAN 1,000 1401, SEEN DESIGNATED AO ZENO.



TABLE A.2.4b. Radioactivity Inventory--Once-Through Cycle--Growth Case 4, Curies(A)

Actinides

SEOLOST0 T7NE IYEARS,S9y0NO 19,15 ,YEAR

CADIDNUELlogs (et 1000 Pogo p070 goo )000 S000 IDOp0, 5t1000 100t100 S00000 t000000

CM•205 4.04.01 1.151 00A S.I0E.06 5•16E+04 0.0SE.04 3.54E+04 p•33r•no 6:Ter•ot 1.137•61 O. 0.

CM0246 i.21[•03 1.16E+08 5.40E.07 9.541.700 4.401.03 O. n. 6: o. D. o.

emmENS 6.44.02 S.ASE•05 3.7TE•OS 5.71E+01 1.'1'31.03 O. n. 6: 0. 
°4 o.

Co..042 4.4tE•n3 W0E+06 2.t0E,06 3.301•05 3.0E4.04 .0dif.04 O. o: n. O. o.

AN0,43.00.+210 4.7SE*D1 8.39F+06 6.16E+06 6.071•06 7.itE•06 s.37E..06 6.61E•Mé A:Toroo6 goor•nt O. o.

FF.,)13mim.).24; 6.42E+01 5.61EROA 5.12E4,06 6.00•03 11.63E,004 9.631..04 M. o: n. O. o.

AF.)14) 1.34E+06 4•06E+004 1.044.009 6.012,06 2.40E,OS 4.64E+09 6.05v...14 6,74R+62 1.234.4.n1 O. O.

...6F.np 4.90E.Di 4.903.05 4.8924,05 4.64E+05 4.63E+ns 4.14114+nS 6.117FOOS 4011r•nS 1.96E+03 T.R7E+04

FUFPol 1.42E+07 7.09E+04 3.13Espo 5.17E+04 4.66E+04 3.55E+04 7.93r..4,4 6:766.02 1.23r+n1 O. O.

POW° P.53E+05 1•40E•04 1.003.06 1.35E•08 1.114E.AOS 1.449E4,07 41.0644..f1 6:41,4,0! 409,413 O. o.

Pu.p39 1.0r.03 9•1 3F*07 9.113707 9.03E4.07 6.01[•07 1.46!•07 4..4674.4.1 6:76114,07 S.45.44.06 b.33E•01 a„pgr•og

Pu+#38 ..esr.ns a..ssE+0.1 4.26F708 1.66E•07 4.43E•05 9.1SE.O4 n. 0: n. O. o.

Pu.P36 1.131.01 603E4.0? 3.13E700 O. O. O. S. 0: n. O. o.

NEmpI7TEAm237 F.67F 4,02 2•07E•05 2.30F).05 4.16E•OS 5.60E.OS 6.P2E•ns Alr•mS s:7,66,MS n.n3r+ris E.SEE•OS 4051+03

U•266•Tm..2364, )..73F+02 100E4.01 3.103,005 3.001+03 1.00E+05 300E+09 1.nOr•nS X.:m0P+MS 7.00r•nS 3.00E•OS 3001.705
PA..2364

U+2116 I .05!•02 6.0eg+04 6.09[4.04 7.13E+04 7.11E+04 4.54E4.04 44.9174.n4 1:HRE.POS 10974.n3 1.0RE•OS 1.06E•OS

U.71S+7w+211 p,sTm•Mi 1•10E+04 1.103.0a 1.11E4.04 1 .i1E•04 1.111E•09 I .pSr•na 1:01•06 1.70F•061 t .13E+04 1.13E+04

1.1.110 m.03F•02 3.NSE+ON 3.111F70,3 5.16E+01 3.7441•03 5.301•05 4:79moms 4.E9r.741 2.073+113 1.36E+05

U+213 4.64E+03 301E4.01 A.Ale•oi 0.041•02 o.ieF703 6.43E+03 A:i6r.onA 1.177•05 2.11E•OS 2.63[4.0.3

U+242 9.04+00 4.30E•OT 6.676.06 7.16E+01 0. n. 6: n. 0. O.

PA.P31 1.41E+02 1.12E+01 1.451.11 s.1SE+01 1.isF•03 5.7.3E4.02 i.i4R+n3 A:iogoog 7.0717.453 8.67E•03 6.611•03

714.P10 1.23E-0i 1.12E0)2 1.76E+02 1.691.03 F.i0E7o3 2.P0E+04 4.15E+0 1:064:16 2.14••ftS 1.40+0S 1.331.03

YMm102104 7 OFUGHTEos ..s4F.06 9.14!•01 1.10E+00 4.39E+01 2.411E+02 41.71F•Os 1.74Romit A:i6t•os .M2r•ss 2.16E+06 2. i11•06

TH.M+6 oFuGHTER3 1.06+Di 3.09E+04 2.56E+04 5.0E+02 4.60E,00 1.32E..01 7.997.4.1 t:;Ap•oo 3.441+00 1.66E•01 300E+01

40.p2177 00,u0wTER8 1.74.06 4.96E+01 7.72E+01 4.64E4.02 9.4.37:+01 4.60E4.03 9.097+40 3:56F.04 S.657•04 6.94E•04 6.93E•04

TN.33262 DAUGHTS5s P.95E-07 1031.04 3.1)8E.04. 4.26E.03 41.99E-03 5.661•0/ 1.241.n1 7:i3E-Ot 1.gsr•oo 7.95E+00 1.94E4.01

Rs•p26•E DAUGHTERS 6;0E601 6.43E+00 1.34E70) 6.22E+02 4.4E+03 7.691•014 i:n7F.006 1.96144..16 1.49E+06 11.33E+OS

PRm210•2 06UOMTRRS 6.02M•06 t .P1E+On 3.113.00 3046E+02 2.i2E+03 3.63E•06 1.1Srm05 .1.294,•nS v.14.1.03 4.I6E•OS

TOTAL ,.67F+07 9.78E+0+1 4.»03,09 6.sge•oe 407E+01 1.737•OR i.R6r+ne 6:581,4.07 1.I29.74,7 6.431.06 401E+09

A, vALU2S LESS THAN 1.4.10 WANE SEEN DESIGNATED AS ZERO.
6. TM•226, 7 DAtioNT6R6 Agr $14.2?3, AC.421; FR.221, 0.217, gz.gig, 66.606 AND TL•s06 IS 91 Dr 71.1..E20 AND 00+213 73 913 OF TH•229.

7N6EPE. 6 DAUGHTERS ARE RA•224, 141+2101 P0.116, 05.212, .T.212 A.40 TL.P08 Is 361 OR 04+2ES AND Fo.PIF 711 én% 0F TH.226.
F0.210, 7 DAUCHTFRO OF TH./FT, 80423. 04.211, 160+215. 0.1+61, RI+211 AND
TH.231. 2 DAW1071115 ARE 04.2P6 AND A0+126.
44.4E6. S DAupowle AR! RN.17.2. RO..111, R117214, 111+210 ANO R06216.
PS•liO, 2 DAuSIOIRS ARE 8/.110 ANO Po•gio.

NOTE. IN AecouNT:No rOR TN! ADTIvITy IN THIS MANNER, SRANCHINg owl, IN THE oAllg or 71,..206 futi • Poait (866), AND TL6209
(CO • 20•211 19115 NENE COUNTED AS A SINGLE OFUGHTFII IN E4004 030E. FIN011 FRÃNEHINg rti OR LESS/ WAS ¡SNORED.



TABLE A.2.5a. Radioactivity Inventory--Once-Through Cycle--Growth Case 5, Curies(A)

mAJaA

Fission and Activation Products

YEAR SEOLOOTC TTm!" fopAarOryasn 19755

RiMONUELIDES 2000 P050 P070 .300 '000 !000 11000 Sp000 100p00 100000 i000000

N.3 TORETOR I.TAEYOT l.pIE.07 1.441.03 0, O. O. m: 0. O. O.

C.10 m.AREYR2 3.48E.05

::::::::

o.AtEmOS 101A40S 1.94E4.09 ioter.pms 4:90E+O2 2ORY+00 O. O.

MNer4 T.STE...01 9:41E+09 n. O. O. n. M. A. O. O.

Frog, .O.p1770!•ft3 206E4'07 1. 10(•05 0. O. 6. 0. Ms 0, 0.

COW) A silT,004 1104F•04 Os20E+16 Os O. O. M. M. n. 0. 0,

NI.NRO 1.41,4.03 100F+06 1.31E4.06 11120.06 losE.nb t.PAEAnm 1.19p.m1 4:413.1.01 9..1....m9 1.71E+04 205E+02

mtmai 1.63Amn3 t.m3E 4.0m 1.4)E.OA é sS8E.06 t .C2E4,10 1 sP7F-08 M. 0: m. O. O.

SE.71 1.+11.00; IsillT•OM 1.0T+39 1.47E.001 (.44r....9 1.40E4.01 102,...m5 4:4511.04 9.m9+...m4 7.11E.02 3.47E•00

KOeSig 700g..0.5 7sSIF•OA 2.18E4,18 1.02E.03 C. 0, m. m: 6. 6. 0.

101.1.7 y.PAF•on7.0F.03 7.26E.00 7.?6a.000 7.p6F.00 7.E6E.00 7.P6r..m0 ,:p6r.n0 1.21womn 7.26E4.00 %Went,

84..00.90 9.10+o? 2.70E•10 1.191.10 7.43E,05 I.vOT.O0 O. m. 1: m. O. O.

ZAAR3 7.6SA.onE A.m9E 4,04 b.ASEmaS 6.40EmOS m.mAA4,1S A.07E.00S 4.06AmmS m:Alwmas A.67Amm5 s.ssE.os A.A0EA03

44.A11,. 4.010e.a2 s.AEF•os 0.0E.00.5 A.WORmOS 4.AsEmIS A.RRE,P0m A.AtomaS m:AREYOR A.ARAY0S S.S0,00.5 A.AiEmOS

yewes mOREADI .1.A2F•n6 5.4lE•56 5.41E4.06 S.onEen6 S.13F.0.0h moilAmmé A:SRAA06 1.0,0...A6 1.0AE.06 2.00E,01

Ru.10ftmow.106

P00.07

1.50A4,00 1.9aFY07 1.0E4.01

dis54.01 .1.00.0.1 4.01E416

0,

0.10+04

0.

4.14E,0061

O.

4.10.004

I.

4,,i31.4...4

0:

ii:j/F4,041

0,

41.1010101

0.

304E404

0.

3417W1.00

T.

W
t..0

AG041004 704[1.07 1.48,4'01 300SF°00 O. n. 0. a. 0: a. O. O.

COmilsm 7o90Fm02 sO9r+0.3 3.A2EmOS 6.ASRm04 a. O. m, n: n. O. O.

015-iAS”E.12S.,

P4.1E010.126

RARE•07 IOTE4,0, RollE,YOS.

m.s2E,onp 6.00E.ns 6.1.0E.00S

O.

1.98E+01

0.

9.44E+01

0.

1.40F+0.5

6.

9..0s4.01

0:

4:i9T.1.09

n.

S.00r.AS

O.

1.80EA04

O.

SA0E+02

1.0E+01 1.19E+74

121.:Ei

109E+04 101.1E4'04 1.3.7E404 isOr..MIS i.10,..041 10814'04 1.36E4.04 10:3314.00

ii.:19:: :::::::: :::::::: :: Ile*"

Os

t.ipwis

Os

loRE.05

Os

i.iRR.;AE

0,

i:Itr.os

o.

1.0401.0s

Os

9.07Em0R 8.541(.00

Cs.ill+PRAM a.drAco 11.111E4.10 2.AtEmi0 1.0SEA06 tom.pi 0. a. 6: 0. 0. O.

Cf..44.1.R.1411 1•114..OP Is:IWO+ 6sIOE•02 O. 041 Os Ms 6: 6, 0. 0.

Pm.,As A.60A•04 1.16F.•08 1..0E+06 O. 0. O. a. H. 0. 0, 0,

Rot.Ist 0.0r66E 1.70E4.06 3.E7E4,06 1.2fE.007 E.10E440 300E-09 q. 6: 0. 0. O.

!U.'S? 1.0R14,01 1.191•06 9.611.01S 1.40E.os 0, o. a. 6: 6. 0. 0.

Eu.iR6 0.0611.4,0.5 7.1tE.064 2019E+011 6061.00 2sféEs0O O. 6. 6: 6. 0, O.

10.qES 5.0E4.01 606E4.00 E.6614,01 O. 0, O. 6. 0: O. O. 0.

OTAWA 4.10EAOS t.O9ER01 0.11Em00 O. O. O. a. 6: 0. O. O.

TOTAL 707E4,07 6.AtEAt0 41.06EA10 3.011.007 9.i0EA06 R.OSE.Ob 01.014(16 1:110EA06 m.10,4.06 11J11600 I.UP006

A. VALUfS LEERS THAN 1.0100 NATE SEEN DESIGNATED AS ZERO.



TABLE A.2.5b. Radioactivity Inventory--Once-Through Cycle--Growth Case 5, Curies(A)

Actinides

OUILOOTC T701 fv[Aps,Orrnmn f97S$

100 .000 3000 1000n 9m090 100f406 100000 1000000

vt.O

RADTONUELIDEO (n) 0040 POSO 0070

CH.poR A.791,•01 7.79P004 7.00E.041 7.041•00 hoSir•nes 4.02f/Oa 1.17E•All i:T1E.F3 1.40,..R1 O. O.

CM.E4A 1.1,E.0.1 1011E00* 6.401.0E 1.40E001 7.1hp.MS 0. 0. 0: O. O. O.

Cmo,41 6.44.0p oOlts/oit 3.4.4,0S 0.411E/01 1..*E.01 0. O. n: n. O. O.

CH.pup toarono 7o9ro06 2.41E4,06 41.37%.0S 41.471.04 S.100f.OR n. 0: n. O. O.

£4.0aloorn239 11.70von1 1.1oFoO1 1.10.0? 1.101+07 1.01p.o7 7.92go06 a.ontron6 i:ioronS 1.l000n3 O. O.

rrnro7sorrN0OP 6.otrrn1 7o7r.06 7.n9ton6 t.11L.06 1.4oron$ 1.16rn01 n. 1: n. O. O.

orinpal loorone, loo“oo 1.0[on9 4.23%.00 10011+10 6.63ro,0% UrOronO i:111,011 1.0ro,M O. O.

trunrn 6016rrnt 000ro0.1 11.014,1! 6.0go0S 4.9.6Urn% 6.61ro04 ...onronl 6:440r,or9 9.o6ronS 2.67%.0.1 1.071003

ro.rot 1.a2ron7 1071' 4.10 4.06%.19 7.na.004 6.76r.no 41.07r..04 1.i i:ilrorl 1.06.11 0. O.

Piinpan P.S1reng i.41Frn. 1.011.00 1 r$10•06 1 .vorol% 1 .16%4.04 4.444..,7 i :illy..no *.79von3 O. O.

riinpon ...lions t.par.no 1.20.1A

runr10 no.nr.n0 h.47Fon* S.07E.10

1./13E4.04 t.r1fol0

10.0E.07 4.70E.AS

1.06F.04

1.1'0.01

1.45.on7

n.

1:n6ron,

1:

7.410666

n.

6.60[01

O.

%.ra(rOS

O.

riinron 1.0..ni 1.lni,o1 1.001.51 1. 0. 0, 1. .%: 0. 0. 0.

NA. .451 A.61A•lA ,OgrAhli 2.0SUT)S SohWTOS T.,IponS 4./6WIS ...Oren.; e:iTromS 0013,,00S 7.03E.DS 6.7014.0S

U., ?la. nofrono 4.n0ron9 4.n6fo3n 0004.0.1 ...6/.6s 4.04/.01 4....4,4405 a:rit.r.DS A.ftfor,ONS 4.01aohS 0.66E.O6
Ep.plaR

U.04.9 1.f1.•,1) 0.06k.0. 0.0E4,04 9..71.041 o.e.A.SA 1.16f•DS 1. S 1:04.As 1.08,..s I.47E..S I.ASIWIS

tols.r py, 7,0No91 1.41/F.,. 1.0F.Pla 1.40O.00a I.AOUThAl t.9SP.00 i.AAP.Ahil ?,:i2P0Ohl rorrono /.34anOo 2.1st•na

U.P44 Q„.1r,,,,A 4.711.04 9.171'13 6A9IL*01 T.A2E,AIS 7.10(.0.1 7.m0Roni 4;i7E.opS R.00OltS 1.110E.06 1.41CP0S

U.AAS A.A4P.h2 A.NDATMT 6.15E4,11 ..n6tA.02 1.imp.05 4.77vol i.onrono a:otrona 100,4413 3.60.0S 3.56E+05

tin'', 4.001,•00 0.0aw•O% 4.13F.11 1.011.02 A.04.01 0. 1. ,N: h. ft. 0.

PAAPS1 1.ASPohp 1.40A.01 1.011,11 7.01E4.01 1.01E,Ali 7.401,..OR i.R2R.1,17 4:11E.RS R.R1Ron3 1.17E.OR 1.17PROR

TH.E4r, 1.05R.ni 1.1RR"IP I.P1O.38 o.PiO•03 1..2/.0S P.1161.04 R. a $:148,•pS 1.10..IS 3.361.ns 1.04W00.5

7N.P29., 04.40049 1.341;.0h 707AANI 1.61W001) A.n7t.01 1.6nA.12 1.32E.fla j.n4rono %:46r.,n5 1.16iren6 2.971.06 2.ple4,06

TS.PSOTT MstANTPSS 4.1 1 P.01 4.PTIPPDS 3.111401 7.866.02 S.o2r.00 1.19f.01 1.01.001 ,:17or.on dioe..00 t.S2E.01 0.02U001

'SD.PSI., DSUS"FS0 SOSP.MA hOSP,01 9.S7S*01 S.A90.002 1.07F.M3 11.10F.01 i.PMTMS R.;SP.IP /6011P0,14 9.14E.MA 9.10,04

TN.ASPAA OANS.IIRS POISA.D? 2.P7Fmn. 4.A.1.31 SO0K.03 tocat.ot /.614.017 1.4011.n1 1:n1E.00 7OIR.,00 1.014E4,01 1.10E+01

RoPp6,0R DAUGHTERS A.61E.n1 7AA3E•nn IAASE.01 1.011g*03 6..111.03 1.04P.0S P0311.01 1,PAP.006 2oPsPsh6 24,01ESO6 1.1IPP011

PS.PihTP DAUSMTA,OS 4.040h0 1.41PP0M 7.40/.00 S.n2E.01 tokar•ol %.140ro0a iorrinS i:OroOS 1.12ron6 1.01%.06 %.651.05

TOTH. 1.67p.n7 1.11F,10 ?.10F4.00 1.171.4.09 409E010 POSE.OR ioPl.ni 1:0111.07 1.41E.m7 41.71E•n6 6.751,..01.

A. VALUES LEOR ?MO 1.0E.In Hop PEEN DES,GHATOD AO EI40.

O. TM.OPO. 7 oAllOHTP 118 ARE RA.EPS, Ar.221; RR.801. 0.117, ET./11, PS.SOS 110 Tl.P0.1 TS 41% nr Untie &NO r0.215 I% nl% OF Toinnill.
rmn2(0, 6 0111,001TFOo ARF .A.PPA. *N.M. 1110.216. POntlio .7.14/ AO TL-PCIA TS AAS DP TN.PPA Am0 rnnplr ill 6o% OF To.Oio.

/ rillige/oN ARF 714.2P1. NA44/1. SN4410. .0./AS, ...tit. A1.111 ANn 7L047.
710.211, 2 nAulANtiras RA.IPA AND AC.PER.
OL.144. % Origillergo 0N.2??, 7041A. PO/Olo,
p0.410, a nAuti.TFAs AAA Ataln ANn P0.A11.

41.414 štql Pri.214•

WM,. IN ACCD,INTINS FnR TM! ArT/PII4 14 THIS MANTAS. 0SANCNINh MICAS IN THE Cote nr Ti./On (SW POT0iit WS), AND 11.110.1
. 00.poi (oil) weer cOunttO A IITNGLE DAUGHTER 1H EACH Coe. SIMMS ASiNMNINS fit MS LPOS) SAS 14,401a0.



TABLE A.2.6a. Radioactivity Inventory--Reprocessing Cycle--Growth Case 3 - 1990 Reprocessing Startup, Curies(A)

Fission and Activation Products

vE.R 0EmL0cie T.MA yREARs.ScRoen 197S!I
MAZoo

RAOYORUELTOES Pont) VICO P170 400 ionn Sloo !Anne InOnOn 500000 1000600,šnOntl
 .....

1.60 T.ARA+ns t.QTF.POs 6.0Smo5 T.ARE.OS n. 1, n. n: n. O. O.

C.10 poSE•na I.RnA+ns I.ARE•os 1.90E•05 t.AsEAmS toREAnA 9.71F•mil A:91F•02. 108,4.n1 O. O.

MN+88 0.22F+0? 1.27E+02 7.1.01F.l6 O. n. 1. n. 7: m. O. O.

FE+85 9.158.18 2.10E+08 1.namI4 n. o. O. m. n: n. O. O.

Co.A0 P.10P 4.07 1.041E.O1 1;IRE.ne O. o. o. n. 0: n. O. O.

N/..m9 ft.64F+nu N.28E+08 (Asi,AnS A.sSEmni 6.93E+15 9.01E+05 9.76ren5 a:n7F4.05 2.69F+m5 8./8E+03 1.09E+02

NI++3 1.20E+O7 7.28E.01 8.98E+17 2.98E+m8 ..,IFA,79 9.89E+09 n. 1: n. O. O.
8E+70 9.25F+n3 7.89E•09 1.49E 4,011 7.81E+0+ 7.77F+19 7.041+4,04 +.18r+na ti:A1++,18 2002+ft9 3.81[•02 1.65E.00

ItItellš 0. 0. 0. D. 0. D. 6. 0: 0. 0. O.

WW1+ 1.80E+11 3.+EF*00 3,0E+00 3.N2E+nm 8.$.2F.10 8.62E+On 9.A2E+nn 9:0F+nn m.App•nn 1.61E•00 3.62E4.00

$11.000.4m 7.39r+64 104F410 b.ISE4.3,4 2.88E+05 1.a7E+m0 1. n. n: n. O. O.

Z12+93 1.82F•n4 9.88E+08 3.84E+05 8.88E+05 1.98E4,05 9.97E+09 e.A7..98 9:i4r+08 1.71von5 3.08E805 2.452.08

N0.88H 1.28Fona 9.49E+05 3.70E.05 3.6SE•05 3.A9S+05 3.49F+05 1.11 Tri,mš w:Row•oS 3.9111905 3.09E+05 2.45E01/5

TC.59 ..pepAmš 3.m1E.06 3..0.E.0e 3.006A06 s.mmA.m6 $.06A.05 A.m1A.m6 A:RSAAne P.IARmné 5.711E4,05 1.11E+03

Ru.jwoom.loé 1.644.n4 1.19E•nk 1.p2E.30 0.
n. 0. n. n: O. O. O.

100+01 Al.eiwonp ›.26k+04 2.A884.04 2.48E+09 e.AAt.nA 2.2,784,04 2.1.11hona p:O.E.04 2.858+60 2.78E+011 2.61E+04

AGOION p.67p.n1 1.00Fon? 2.0EAO7 O. O. O. n. 0: n. O. O.

C0+11304 6.64ren4 m.SIF.01 S.ASE+OS 4.A3EAOR 0. m. M. t: 0. 0. 0.

1/8025.0.025M 8.88E+01 8.89E+08 209E+09 O. O. O. n. 0: O. O. O.

3+1+146+29+126 1 03F+nA Aolf.05 3.0E*35 300E+08 9.AAE•05 308E4.09 A.Alr•nS A:iTA.,n, 1.06Ron5 1.20.04 3.O4eR02

I.111,0 e.32Aon2 8.79E1,01 8.29E+03 8.29E+03 8.29E+03 9.,9E+09 8.29r+n3 A:i4F.09 A.péron8 8.182.03 7.116E4,03

CSR134 1.74E+06 1.411E.07 2.,2F+04 O. O. O. n. 1: 0. O. O.

CSAf3S A.ITEAms 7o9AE,A0A %AAA:mei' 7.9.M.,04 7.GAE#111 7.08F+041 +.ele.401 T:A5F+08 1.7894.04 7.O7E.04 8.301000

08+139.41 A+137 1.09E+09 1.11E+10 108E+11 9.13E+05 8.A0F+00 O. n. M: 0. 0, 0.

CE.1110,1oRmiall 14.64.02 204E*05 4.p4E.03 O. n. O. n. ft: O. O. O.

Pol...As R.24E4,08 3.ASE4.01 1.96E,OS O. n. 0. n. n: O. O. O.

Sm.iSi R.4SA006 2.09E4,04 1.74E+18 7.09E+08 1.91E+05 1.99E+09 n. n: 0. O. O.

10462 11.00.04 6.40_,TS 2.01S4.15 i.SSE.OS n. 0. n. n: n. O. O.

EL.158 P.OSP.607 4.1 1F00A 1.11E4.08 3.04E4.00 t.21E.09 0. M. 0: 0. D. O.
Su.iSs p.ss.AmA 4.94F•n5 1.98E+02 O. O. O. m. o: o. o. o.
ovirR P.40F+00 602E*00 5.70E.19 O. n. O. m. e: n. O. O.

TOTAL 1.64.09 R.SPRAIn 1.1RE.to 1.04E...nT S.ASF.nti. 5.01E+Os 8.871T+mé A:isr.n6 1.410006 1.72EiOé 6.411[4,01

A. VALUF8 LE88 THAN 1.08+10 HAVE PEEN 0E470NATED As ZERO.



TABLE A.2.6b. Radioactivity Inventory--Reprocessing Cycle--Growth Case 3 - 1990 Reprocessing Startup, Curies(A)

Actinides

YEAR SEIL.0070 774! (7EAR8.8E7DN0 19705

R4070441J0LIDES (R) 2000 Poso pwro soo l000 5000 . 1m0m0. 5000 10000 500000 1000000

Cm.p05 1.a3F+03 7.5 9E+05 1.IRE.95 6.00E+05 6.40E+05 0.76E+05 1.15Fin6 i:n9e,n0 1.650+02 O. O.

Cm.200 6.51F+06 7.72E+04 3.59E+06 b.34E+0: 1.4E.O7 O. n. 0. O. O. O.

Cm+p43 2.11E+04 1.01E+06 6.56E+05 6.54E+01 1.66E+03 O. n. 0: ft. O. O.

Cm.F0E 7.02E+ns t.p0F+07 1..0E+37 1.77E+0b 1.41E+n5 2.17E403 n. 0: n. O. O.

4p."43+004230 R.14E+05 209E+07 E.R8E+07 2.67E+07 2.75E+07 1.91E+07 i.r1F07 1:r4E05 3.44E+03 O. 0.
AH.242,14414.24? 9.71E+05 3.02F+07 2.75E+07 4.32E+05 4.52E+05 9.26!.03 0. 0: n. O. O.

Aw.p41 105F+07 404F+08 4.15E+08 2.25E+06 1.m2E+06 6.65E+09 1.14F+05 1:n91404 1.659+02 O. O.

Pu-20E 1.0F+OP 1.30F+O9 100E+n5 1.30E+05 1.41E+05 1.30E+05 i.r5r+n5 f:TAA.As 1.09E+05 s.too.00 2.10e.p0o
Fu+p41 1.15E+m7 1.)4E+n4 4.65E+76 6.94E+05 6.46E+05 4.77E+05 7.i3r+mS i:Or+04 1.65r.02 O. O.

2U+740 *02E+04 1.61"17 1.71E+57 1.73E4'07 1.45E+07 1.09E+07 6.R57+66 1:0R+05 4.039,602 O. D.

RU-PRR 6.17F+n0 '4.59E404 3.s4E+06 3.71E+06 3.46E+06 4.67E+06 5.07rom6 2:0E+06 6.n5w+n5 7.06E+00 406E+06

FU+234 O.61r+05 1.13A+0A 9.4)A+07 7.13E+u6 4.44E+o5 5.24E01 No n: O. O. O.

Au-pu 5.215F+00 5.452+,1,, o.p.2.,2 O. O. O. m. 0: n. O. O.

Np.p37+4A-2si ,04F+01 2OFF+0A p.71E.li 3.5.2..05 4.542.55 4.53E+OS 4.94r05 a:40405 4.43r+05 3.69E+05 3.31E+05

U+236+7a+254. 1.46i.m2
rA-234.1

1.4+A.nA 1..72.53 1.57E+03 107E+03 1.57E+05 1.47E03 1:47F•03 1.65F03 1.59E03 1.90E+03

U+2M6 2.46A+ml

+7,4-r31 5.1 7 .1,E+1uu:::: 

5.45P+07

t,..5+11

6.55E+52

6.4sE+11

5..2E+02

6.93E+01

1.i0E+m3

7.11E+01

2.66E+03

1.07E+02

5.41r++15

j.55A,An2

5:711E03

4:63402

5.76rA.03

.1.93F+02

5.69E+03

6.34E+02

5.61E+03

6.34E+02

..1.32.)2 1.09E+mA 1..5E+14 5.15E+04 2..5E+04 5.40E+OF 4.75c•ro s:T5E+04 4.44,..14 1.50E4.04 4.16E+03

U.P33 0.1P,-)? 2.,,2E+01 %,,,E+:11 2036E+02 7.16E+o2 4.46E03 0.14c.n3 6;13F.n0 7.404+04 1.51E+05 1.76E+03

U+232 2.2nA+nn 4.71E+.:15 3.92E+m5 7.147E+03 4.65E01 O. n. 0: n. O. O.

RA.piti 2.63p.01 +02E+0., 7.91E+10 s.t3E+70 0.04E+00 1.14E+01 1.69F+n1 i:O7F+02 2.16E+02 3.17E+02 3.17E+02

Ts+p3m I.SGA+OD 1•SAP.t01 2.I'E+1I 1.5.)E+62 4.13E+m2 2ORE+07 4.75F+m3 i:e2+004 2.93r+n4 2.07E+04 E.64E+03

Tm+p29+7 OAN;147.42 2..7..05 A.AAWAvi 6,,AUE.01 A.S7A.01 E.AAE.002 6.*EE.001 A.RAWAftA S:76S.A06 5.70F+04 1.46E+06 1.01E+04

7N-2E4+4 040H7, Q.40F+11 +107E4,', 2.42E+16 5.66E+0A 4..9E..02 E.E8E.03 6.45E+03 5:i 1 E.02 1.755-71 6.68E+01 1.34E+00

4C+227+7 0AuG,-,7is ..3,.'2.01 4./.2.o1 5.ati+01 5.414E+01 5.75E+01 901E01 1.55F+02 4:0F+02 1.75r+m3 2.54E+03 2.54E+03

TAA+252+p 01,03,-.7F.S. I.20A+06 1.04F- Aos 4.12E+m6 4.17E+05 i.10E.04 9.77E+04 r.75r03 2:i5r02 5.57r+02 2.56E+01 5.73E+01

RA.p264e DAtl.7P45 AllSGE.OE 1.444+10 3.1UE+00 7..E0E+01 40,6E02 8.27E03 2.41r.n4 t:16F+05 1.77r+n5 1.25E+05 3.50E+04

rg+pim+p nA,GH7FrS 4.33E-05 A.871-01 .. ,, -5E-ni 5.35E+01 r.n4E02 4.14E+03 1.i0r+m4 5:i9F+04 8.A6P+04 5.23E04 1.75E+04

TOTAL 1.59.07 2.07P+OO 1.13E+54 2.O0E+02 1.g.E.55 3.70E07 2.54E07 4:fisE.i.o4 2.16F+06 2.31E06 2.01E+06

A. VALUES LESS THAN 1.0E-t0 01AVE sEEN OESTG,JATED AS ZERO,
B. TH.229, 7 0.0GHTFP3 OF 04.2P5, AC.225, PR.221, AT.217, AT.213, P5.209 AND TL.204 18 91 OF TH.224 RNO 60+213 15 91% OF T14.229.

+1.1.226, 6 nAtiMHTFPA aRE RA.2?4, RN.220, P0.21b, 40.212, E1+212 ANO 71...205 IS 364 Or +M+2203 AND r0+212 ill 64% OF 7M+225.
AC.2R7, 7 08i1GHTP45 ANF
+M.452, 2 lAuGHTE45 ARE

TH.2?7, PA.227; a
.

RH.2
l' 

RA.2p5 ANN A0.228.
An-214
' '+' -, P4.2ii. 11.211 AND TL+707.

4A+2r6, 5 0Au4017E4S ARE
P8.210, 2 nAuGHTERAI ARE

441+222, 20+21s. 06+214.
SI+210 ANn 20+210.

S1+214 ANn Pn+214.

Nm7E. /N ADnDuNTIND En4 THE ArTlyTTT IN T415 mANKIER, ARANCHINO Deco, IN THE CASE 0 71..+204 t56S1 • A0.er2 (OA), AND
(ox) . bn.Esi (bit) wERF CDUNTED AS A SINGLE DAUGHTER 1m EACM CASE. M/NOli RRiN0N1NO fit LEW WAB !SNORED.

%NW



TABLE A.2.7a. Radioactivity Inventory--Reprocessing Cycle--Growth Case 3 - 2010 Reprocessing Startup, Curies(A)

Fission and Activation Products

TEAR GEOLOGIC TTN. rve.As,S!vriND 1970

2000 2090 p070 SOO i000 5000 IMMO Sn000 100nOn 500000 1000000

MAJNI
RADIONUCLIDES

WAS M. 1.60E.04 6.16E+05 7.25E.05 O. O. n. O. O. O. O.

CA14 M. 2.12E.05 2.11E+05 2.01E+OS 1.26conS 1.171.06 A.6nronA i.n7F+M2 1.70ron0 0, 0.

444... n. I.EAETOP 6.441E.06 0. o. o. n. O. O. o. O.

FE.AS n. 2.161.06 1.06E+04 n. o. O. o. 1. O. O. O.

00.1.0 n. 2.01EO7 1.46E4.06 O. O. O. n. n. 0. O. O.

6/.66 n. 7.60F.006 7.00E.05 6.971+05 606E•01 6.71r+07 •,.62,.m6 0:641,009 2.93,4,03 9.E31•03 1.22E4,01

441.63 NI A .11E TOT 7 00E.IT 5.79E.06 1 .0E+04 b ostog ,,,, 6: n. 0. O.

5E.79 n. 6.n4C.06 0.64E.O6 806E+04 6.m0E,014 7.67g..06 7,77,4,6 A.i5r.04 posv.A. 3.92E.n2 1.40E.00

NA.AN n. 1. 0. o. O. O. n. 1: m. 0. 0.

96.77 n. 3.01E 4400 5.61E+00 3.41E+00 3.0v.n0 3.91uo n A.01..no ....1...n0 3.91.,4,00 3.9IE•00 30114+00

SR.e0or.90 0. 1.13144,o 6.4144E.ON 3.10E4,05 t..8E4.00 0. n. n: n. O. O.

26..3 n. A.051.05 4.15E+05 A.05E+05 cosEAns 41.04g,Os A.n3ron5 6.66ron5 3.157ronS 3.21E4.05 2.55E4.05

66.6116 n. i.sir.06 7.66E,005 6.0Sts0S A.nSE.oS A.ORE.OS 6.63...65 1:66fonS 5.47,s65 3.teE•OS 205E+03

TC.AA n. 1.011+06 5.01E+16 3.601.06 3.m0F,n6 2.661+06 7.olron6 P. 2.16,6m6 5.78E4.05 1.1114.05

6u.064.66.106 m. 1.16E4.06 1.W.00 O. O. O. O. o: n. O. O.

P0.10/ n. p.66F•oa 2.66E4.06 2.66E+06 2.06E4.06 2.a6[4.0a '84611.09,4 A:ASE.n. 2.43rOnA t.3aEv041 1.13F.044

AG.11.0m n. 9.661.01 1.691.07 O. 6, O. n. 6: n. O. O.

C0.4136 0. 41.PSE*05 1.6SE,O5 3.01.06 0. O. n. 0: 6, O. O.

1110.q!”1.1?!..1 O. ..44TIE04. 2.76E4,06 O. O. O. el. m: n. 0. O.

06.i26+114.126 N 1.49F+05 5.49E4.05 3.46E,A05 3.er.,05 1.68E+05 1.'66.06 r.4171.05 1 .7 51,4 15 1.101.04 3.151+.02

I.1,6 n. 7.020.16 7.01.03 702E+03 7.02E.03 7.I1E.03 i.A2v.n3 7:9lron3 7.69p.63 7.76E03 7.61E603

CS.i3o n. 1.94E 4.07 2.pbE,006 O. O. O. 6. n: O. 0. 0.

C0.43, 0. 6.701+06 6.70E+06 6.70E+00 6.70f.06 6.70E.06 4.69!4,66 6:43F+06 6.55,4,04 5.071.04 5.32ET04

CSAl37.P6.137 n. 1.70TTIn 1.07ETIO 9.00.0S A.A1f4,00 O. 0. O. O. O. O.

CF.144.0011.144 0. 2.P7FOS 4.16E-03 0. O. O. 0. O. O. O. O.

P0*.i67 P. 3071.07 1.46E4,05 O. O. O. n. 0: n. O. O.

IONA, St n. t.1141F4,04 1.01.08 6.611E4,06 I.ASE,001 1.1441ENO9 0. 0: O. O. O.

Eu.4.32 Oe 4108EGOO 1654E4'05 is02E.05 O. G. O r 6: n. 0. 0.

Eu.154 0. 2.AIET0A 1.11PA.06 206E+00 1.10EA0C 0. 6. 0: O. 0. 0.

EuAISS O. A.EIETOS 1.001TOE O. O. O. n. n. O. O. O.

OTHvs n. 6.4IET00 6.41111.09 0. O. O. O. 0: O. O. O.

TOTAL n. 200E+10 1.00E•10 1.64E+07 5.61E+06 SO7Es0A A.92E.06 A:T9T.06 3.S1ET06 1.33E06 TOSETOS

A. VALUES LESS IRAN 10E00 NAVE BEEN DESIGNATED AS ZERO.



TABLE A.2.7b. Radioactivity Inventory--Reprocessing Cycle--Growth Case 3 - 2010 Reprocessing Startup, Curies(A)

Actinides

YEAR gEoLOoyc TToly rYEAAA SwYnt:,1 197S

RAoyONUELIDES (Q) 2000 POSO 2070 500 i000 5000 InOnn , S0n0 In0;06 S00000 1000000

CM.p4s n. 109E+01 1.49E+ls 103E+05 1.75E+15 t.25E+OR 4.44F+n4 6:4003 404.01 O. O.

ON.06 n. p.76F+08 1.0E+06 2.27E+01 1.n9E-17 O. n• n. n. O. O.

ON.p4s n. 3.60E+0 3.76E+05 S.TOE.01 1.13E.03 0. n. n: O. O. O.

CM.EAS O. 4.n6E+06 3.70E+ns S.S1E.005 5.64E•04 7.12c.04 n. n: O. O. O.

AM.p43+0+234 0. 1.12E+07 1.12E+07 1.011E+07 10.3E+07 706E+06 6.45.06 1:i1FonS 1.31,P0o3 O. O.

49.0290,0M n. 4.0E+06 9.0E+06 1.A2t.006 1.,SEYOS 1.73E.03 n. n: n. O. O.

AN.p4i 0. 6.53E+0 6.14E+OS 3.71E+06 1.a4E+06 3.77E+01 r.77r.m4 s:AAE013 8.31,+,1 O. O.

PU.,42 ft. 3.13E+01 5.0E+03 5.42E+Ds 3.09E+03 5.45E.03 4.40.03 4.n2.03 4.4003 2.21E+03 11.84E•02

PU.1041 n• 6.63E+07 2.61E+17 1.03E+0s 1.0E+n3 1.26E+03 4.65.+0 E:0E03 4.4sr+ni 0. O.

Eu+1,6o n. 1.77E+06 2.16E+Db 2.40E+06 2.0E006 1.91Y+06 4.n7r.n5 i:90F+0 9.90E01 O. O.

2u+236 n. 7.41E+05 T.AAE.YOS 7.42E+OS 8.0E+n5 1.22E+0. t.45.06 7:i0y•n5 1.03ronS 2.24E.O0 1.S2E.06

2u.232 n. 6.37E+06 bolE.Dé 1.17E+06 torsE.nS 1.72E-01 n. fr: n. O. O.

6u.232 O. 1.62E+On 2.TRE•02 O. n. O. m. n: n. O. O.

Np. .233 0. t.S9E+05 1.97E+05 3.07E+05 3.40FrnS 4.R3F4.04 4.04.onS 4:4SF.009 4441 4.0n% 3.07E.O5 3.19E+OS

U.2711.70234+ n. 1.44E+03 1.44E+03 1.0E+03 1.44E03 1.44E+03 1.140n3 i:440m3 1.440n3 1.64E4.03 1.04E+03
PA.234.

U.236 0, 4.79E+OP 9.40E+02 5.032.02 S.ApE+02 7.0E02 4.110+4 1.14,0n3 1.17E4.03 1.15E.03

U.233+T0231 n. 6.70E+01 6.70E+01 606E+01 6.44E+01 7.66F+Ot i:01.+02 p.ps..ns /04E+02 2.36E4,02

U.234 n. 2.54E+03 2.40E+03 6.01E+DS 7.0E+03 7.26E+01 7.170,11 6:i170n3 3.700n3 2.27E+03 1.02E4,03

U.,73 n. 705E+00 1.60E+01 2.04+02 6.iSE+12 A.33E4.01 4.nsr.m3 7.464.64 I.SoE.OS 1.73E+0S

U.272 n. 306E+01 2.45E+01 S.R2E.01 4.0F.13 O. n. n: O. O. O.

108.1131 n. 0.22E*00 s.13E.D0 s.A24Aoo 4.+1E+00 1.094.01 1.414onl 4.634•61 109E+02 1.19E•02

TH.p30 n. 9.26E+01 S.31E+01 6.0E+01 4.6sE+01 3.42E•02 6.36.•n2 7:4003 5.71E03 2.22E•03 1..21E4.03

TWYP24.7 DAUGHTERS O. 6,04E.02 2.4SE.01 208E+01 1.44E+,12 6.46E•03 4.414... ...iTr•DR 6.61•l1S .45E•06 1.41E•06

TH.E211.6 DAUGHTERS n. 4.54E+02 2.12E4,02 4.26E+00 3..+E.02 4.35E.04 4.00,13 :12E02 2.76002 1.92E.01 2.04E-01

AC.P2TO DAUGHTERS n. 3.09E+01 4.74E+01 6.70E+01 6.07E+01 4.75E•0t .1 3.•n2 3:490n2 6.924•02 9.59E+02 9.33E•02

TH.ps2.2 DAUGHTERS n• 1.41E.OS 4.16E•06 ?.84E.os 6.77E+n5 4.01E+04 400.0 3:40.03 1.12.-me bo02-62 1.22E-01

SA.126.5 DAUGHTERS n. 4.70E+On 7.39E+00 S.82E+01 .662•02 I .?7E+03 1.n24.0n3 p.p410,14 104E+06 7.26E+03

PS.1,1011 DAUGHTERS n. 1.01E+0n 2.n2E+00 2.77E+01 T .47E4.01 6.37E•OP f.clFan3 1.12F+Da R.70E03 3.64E•03

TOTAL n. t.03E+04 6.22E+08 3.49E+OS I .6,3E+o 1.102.07 +.46+,4 1.33r.n6 2.06E+06 103E406

A. EALUES LESS TMAN 1.0E*10 MAYF REEN DESIGNATED AS ZERO.
B. TH.229 T DAUGHTERS ARE RA..225, AC.22S: ER.221, A7.217, RT.20, R8..209 ANO 7lw406 ,F 04 MF TH.peo ANO R0.213 /S sit OF TH-129.

TH.226, 6 DAUGHTERS ARE 90224. RN.220, E0.216, P8.212, 4/.212 AND TL.PO4 IS 1163 Or I.H.248 AND 9n017 TS 64% OF TH.226.
AE.227, 7 DAUGHTERS ARE
71.1.232. 2 DAUGHTERS ARE

74.227, 0.-226; 6.,1.219,
0.2P8 ANn AC..p26.

20.215, 48.2I1, RI.211 AND TL.407.

PA.2116. S DALIONTER5 APE oN.2?2, P0.210.. R8-214. SI.214 Awn pn.214.
P8.20; 2 DAuGHTFRS ARE SI.210 AND R0.p10.

NOTE. IN ACCOUNTING 90 THE AOT/Y/TY IN THIS WANNE%, 4GARCHIN4 DECAY IN TwE OASI nE Ti.pos 04st . 60.2i2 Com, AND TL.209
(661 - 00.211 (OE) WERE COUNTED AS A SINGL E DAUGHTER IN EACH CASE. MINOR FRANENING (14 MR 1181) 6.2 IGNORED.



TABLE A.2.8a. Radioactivity Inventory--Reprocessing Cycle--Growth Case 4 - 2000 Reprocessing Startup, Curies(A)

MAJOR
RADIONUCLIDES 2000

Fission and Activation Products

YEAR BIOLOGIC TIM! IYEARS,SEYONO 19755

p050 8070 g00 ;000 S000 1(4000, 5000 100n0o 500000 1000000

Nyg 4.00E+05 3.75E+06 1.14E+06 1.40.04 0. O. n. 0: O. O. O.

0.10 4.79g.0? 2.61g.05 1.s0p,os 2.48E•OS 2.43E.05 1.44E4.05 7.A6P.04 lk:RAU00E 1.05V+00 O. O.

MN+94 3.57E+03 1.06Fs03 s.401.09 0. 0. o. IN. 6: 0, 0, 0,
RE.A5 807y..n3 1 .01 .,07 4.09E..04 O. O. O. Oe O. 0. O. O.

C0.40 1..111,0011 4.05F4.07 4.14E006 O. O. O. O. n: O. O. O.

si/..eg i.alvon3 g.hol!.nS 0.64E+05 8.01E+05 nocrE4,05 ti.M.05 7.0r,,,n9 g:r.ir..05 7.641,•ng 1.10[4,04 1.SOUPOI

Ni.tA 1.64,005 t.nW0061 9.001,07 4.?3E4,06 g.mtuonti no7g.09 n. n: O. O. O.

31.79 A.gb..02 104E005 1.09E+05 1.04E+05 1031.05 9.98E+09 9•979+fiR 11.i27•04 3.991,05A 5.014.02 2.0E4,00

KR.A5 n. O. O. O. O. O. 0, 0: O. O. O.

RE.A7 11.228.06 4.00E 4.0n 4.90E4,00 A.ROL.00 4.40E4.00 4.90E+00 4.901,..n0 ci:e01000 a.gOrono 4.90E•00 4.90E4.00

86..o.r.9n 1.0F4.04 1.63E410 9.98E+19 4.49E+05 1019E.00 n. n. 0: Y. O. O.

zia.pg 11.34.01 5.10F4.0% 5.1 04.005 5.10E 4.05 5:0111*(15 5.17F,009 gobr.105 g:nbr,os 4051r.r6 4.111.05 3.161[4.05

.4.07.1 R.44,01 4.72E•0% u.A4E4.05 5.0E•05 E.0E4,05 3.17E4.09 9.i00 1,n5 s:0114.05 4.95r4.05 4.t0.05 307[4,05

TC.00 e.60ronn As95E4.06 3.99E+06 3595E406 3.01E+04 3 .:9E,006 1.42....04 1:y9F,004 P.440006 7.60E4.05 1.46E+05

Ru.i06tom-106 .1.0p.,g 1.(44..n7 1.n4E.001 O. O.

0

n. n: Ô. O. O. >

Po.in, 8.44.02 1.568•041 3.50E404 g.A0E..04 300E4.04 3.914.04 1.W7ro,n4 o:Opt04 304.'4,04 3.40E+04 3.24l.1.04 ..,
cri

AG..1101, 1097..10 1.110F 4'05 2.49E..04 O. O. O. n. 0. O. D. O.

CO+113M 8.768•02 1./2E.06 9.17E+05 7010E+04 O. O. ft. b. 0. Os O.

00.1254,11.129m p.a2Fonf 2044+17 1.0E.ng 0. 0, O. n. M. n. O. O.

341.1201.4.12A 1.47E+01 403Y+09 4.45E+05 4.42E4,05 40,0E,0g 4.77E,01 4.6ir.ns 1:491005 2.471.4.0.3 I.S6g.04 4.4SE.01

1+1E9 i.51F+01 1.n?F•on 1.07Es0a 1.07E,0A 1.n7E,08 1.01E+04 1.010,04 i:er.kno 1.07r4.04 1.05E4,04 1.03E4.00

CO.ila POSF•00 1.70E4,06 1.1.)E,00S O. 0. O. n. n: O. O. O.

C3.13g g.56E.ot 9.77E+04 9.77E+04 9.77E+04 906E4,04 9.76E•04 9.79R+09 9.0A+04 9059Y+0 8.70.04 705E4.00

03.137+PAY137 2O4E+04 2.50E+10 1.45E+10 108E+04 1.10+01 O. O. O. O. O. O.

OEY144.RRy144 7.59E+06 1.01E+04 5.571.02 O. O. O. 0, O. O. D. O.

Pm..147 1.94+01 1.40E4.04 15.49E+05 O. O. O. M. O. Oe O. O.

59.091 8.40E+02 2.A3E+00 2.41E+O6 9.95E+06 1 ..ier.os 2.62C.09 0. n: 0. O. O.

EU+15E 9.617+M 105E+Ob 5.6IE+OS 1.41E+05 O. O s n. O. O. 0s O.

EU.154 9.07+02 sofaion a.psusyoil saia .00 2•MOE+09 0. Ó. 0. O. O e O.

EU.155 P.67A+02 2.85E006 1.351+03 O. O. O. O. 0: O. O. O.

OTNER pe39E+09 4.01E+01 9.192°00 O. O. O. O. O. 0. O. O.

YOYAL P.94E+05 4.35E+10 2.69E+10 2.24E•07 7018E.,06 4.61E604 6.a3r.n6 9:i0E4.06 0.62p1,06 1.74C,06 g.toroog

A. VALUES LESS ?NAN 1.0E00 NAVE RUN DES/ONAYED AS ZERO.



TABLE A.2.8b. Radioactivity Inventory--Reprocessing Cycle--Growth Case 4 - 2000 Reprocessing Startup, Curies(A)

Actinides

VEAR GEPORIc TYHr rTFARSWONn 0275

RADIONUCLIDES (e) 2000
...H.--  

2.090 2070 900 loon sonn ImOn9 efomm 1001;09
....me

30000n 1000(100
 ....

CR.10415 2.53E°02 6.n3E+03 6.02E+05 5.92E+05 5.98E+15 3.99E+05 P.42F+n5 4:i6r4,93 1.18r+9? D. O.

CM.R4A 6.76,..n1 9.m+09 9.29E+98 7.98E+01 3.46E.97 0. m. M. n. O. O.

CM.P155 3.44.01 105E+06 8:0E+05 1.23E+02 2.43E-03 O. m. m: 6. D. O.

01.1041 7.511E-o1 1.10E+07 1.01E+07 1.58E+06 1.62E+95 1.94$.03 n, 0: m. D. O.

AN04005+0.250 4.64+00 ?.63E+07 2.632+07 9 2.53E+07 2.92E+7 1.64F+07 1.97r+97 a:4er+05 3.97r+03 n. 0.

491.P42W.1414.24? 9.42E+00 P.69F+97 e.q6E5n7 3.66E+06 1019E+95 4.71F-03 n. n: n. n. 0.

AN.pal 7.29E+02 609FA0A 5.b4E..08 3.11E.08 1.t0r+m8 6.4411+05 P.A5r045 A:7Ar+n5 1.19rtn? O. O.

PU.242 1.07r+00 1.13r+94 1.14E.on4 1.20E+04 1.'2E+14 1.21E4,94 t.rpr+mu 1:i?F4.04 1.97r+ma 4.91E+03 1.417E+05

PU.P41 4.68E+04 1.76E+09 6.94E+07 5.83E+05 5.99E4,5 (1.00F.n9 7.q1r+n5 0:I9r.m3 to9qqq2 0. O.

RUHPRO 1.22E+03 4.77E+06 6.84E+06 6.93E+06 6.99E+16 4.37E+09 2.62r+mh o:Isr+n4 2.57...02 D. O.

RUHP351 G.02E+02 1.70E+06 1.21E+06 I.33E+0b I.AoAAmb 2.01F,06 2.09V+n6 1:69F+n6 4.21r.95 4.90E+00 3.321/.06

RU.P351 5.04E+03 2.06E+07 I.AtE+07 3.33E+0b 3..1E+05 4.67F.03 0. 9: 0. O. O.

RUHP36 0.1554.02 2.73F+01 2.102.01 D. o. o. m. 0: M. 0, O.

Np.p37+RA0.233 1.112E+01 1.411E+05 3.A9E+05 A.53E+05 s.Airsms s.90E+mg e.mtr+ms R.AhE+m, 5.74r+nS 5.06E+05 4.31E+09

UAIssATpAp34A 2.11E+00

P"2344

2.46E+01 2.46E+03 2.49E+03 2.46E4'93 2.46001 2 
"fir"! q:i6r.93 poi6r+93 2.47E+03 2.47E+03

115.236 51.114.01 6.13E+02 8.t7E+02 8094+02 9.64E+02 1.62E+09 7.-12F4.m7 2:05r.on3 P.A5F+13 2.5525,03 2.78E+03

U.43555154.231 7OOF.0 8.78E+01 S.+8E+01 $.87E+01 9.m2E.n1 1.06E+02 1013FTn2 5:T5F+02 4.P5P.0.2 a.54E,02 4.54E+02

11.2514 5.52E+00 51.15F+01 5.0E+03 1.015E4.051 1.42E+m55 1.A1554.014 i.A1r+na 12431,.ril 1.A3r.nA 5.195,05 100E+05

U.273 1.154.04 1.66E+05 3.05E+01 300E+02 0.97E+92 9.78E+01 1.70r.m4 9:44r.94 1011,405 P.36E,05 2.28,4.05

U.232 1.54..02 6.P0E+05 6.516E+01 1.38E+00 t.ipr.ne 0. M. 9: 9. O. O.

PA.131 7.96E.06 1.09E+01 119E+01 101E+01 1.i3Far1 1.115F+01 1.01F.m1 4:?3w.001 1.994..92 2.27E+02 2.27E+02

THAA30 6.68E-o5

TH.A29+7 oAuGHTERS 5.06F-08

101E+01

1.69F.01

3.40E+D1

5.43E.01

7.46E+01 1.95E+m2

5.97E+01 P.00E+92

7.72E4.0;

6.92r+03

1.r?r,m1

1..3r.n9

6:n4r+03

9:4?r+ns 7

4::::::: :::::::: : 

:::::::

TH.2213,4 DAUGH7FO8 f,94E.07 4.70F+02 4.93E+02 9.90E+00 9.96F-92 1.604.03 1.*14.93 p:TOr.m? A.A2r.n2 2.49E.01 4.06E..01

AC.P27+7 DAUGHTERS 7.10E-07 4.65E+01 biTE+oi 0..5E+01 A.AtE+,A 1.16E*02 I.A3m2 6.A0E+m2 1o7e.m3 102E+1)3 101E+03

THAA32+A DAUGHTERS 1.34-10 N.TRE.nA A.selE-ob 4.90E-05 t.i6F.m4 6.97E-04 i.95r.m3 q:A9r.13 ?.97r.m2 1o7E.91 2.12$.01

RA.1526+!5 DAUGHTERS P.505..06 3.68E+00 5.65E+10 5.29E+01 1.A4r+m2 2,73F+91 +.n9r.m3 1:66..09 9.62r+94 4.16E+09 1.44E+04

FB.P10+10 DAUGHTERS 1.2IAAn7 A0AE.ni 1.58E+00 2.52E+01 9.1AF+01 1.N6F+01 A.RA...n1 i:A3F.M4 ?..tr+m4 2.09E+04 7.22E+03

TOTAL 1.03E+05 1.90E+09 1.0E+09 3.55E+08 1.75E+98 ?.57F+07 1.79r+m7 r:Tur+ns 1.97r+96 2.72E+96 2.93E+06

vALU$11 LESS TNAN 1.0r.I0 HAVF REEK] DESIGNATED AS ZERO.
S. 7HA2A9, 7 DAuGHTERs ARE RA.225. AC.225: ER.221, AT-217, 91•2i3, 48.209 TL.,09 Ts 9% 1F ANn .0.215 /5 915 OF TH-229,

TH.48; 6 DAUGHTERS ARE RA.279, RN-220, 1,0.216, P1(1.212, 43.2i? AmD TL.404 IS 19% Or TH.??9 Aw) Pn.21p TS 64% OF TH.228.
AC.227; 7 OAUGHTFRS AFT TH.227, R4.223, RN.219, P0.215, P9.211, 9I.211 AND Tu.707.
TH.232, 2 DAUGHTERS ARF RA.2?$ AN0 AC.,28,
RA.2?6, 5 DAuGHTFR5 eRF
1051.20, 2 DAuGHTERS ARE

RN.222, ROHRIA; Rs.2144,
BI.210 ANn Pp.210.

81.219 0,0 pr.p14.

ROTS. IN ACCOuNTING FOR THE ADT/TITT IN THIS MANNER. 6RANCHINm nEcAr TN THE CARF nF TL.?0,1 (39%1 90.2i2 (64%), AND TL.209
(qR) . 4.0.2%1 (qt%) wrR$ COUNTED AS A SINGLE DAUGHTFR /N rAnw CASE. HiNno rRiNnHING fit 011 L4S81 wAS IGNORED.



TABLE A.2.9a. Radioactivity Inventory--Reprocessing Cycle--Growth Case 5 - 2000 Reprocessing Startup, Curies(A)

maJoR
RADIONUCLIDES

YEAR
2000 2050 4070

Fission and Activation Products

sEnoulto Tymf fvE404 104n40 107S5
500 i000 Ifiono. SO000S000 1100o00

  ..... • m•  

S00000 1000000

M•3 AAODE.01 6.06E+06 1.06E+06 0.311.04 6. 0, m, n: m. O. O.

DOD A.7SuP02 1.914.05 3.s2E.ADS 3.151.005 S.IDEADS 100E+05 1 0161AIS 4.47UADE SA00,010 D. 0,

MNARA 4.570+05 1.06E+05 1.m5E404 o. O. O. n. 0: n. o. O.

111-15 4054,03 1.79F•07 6.01+04 o. n. O. n. n: O. O. O.

00+40 4.115+00 1.050406 7.5754,0$ 0. O. n, m. ft: O. 0. 0.

41.49 $.41E+03 1.1+1+04 1.tmE+06 1.161+06 1.i6E.06 1.111,06 1.m7ron6 +:46fon5 4.4004.05 1.540.04 201E+04

57.43 1.05E+05 1.050+04 1.05E+06 5.471•06 1.,61.t5 1.15E.05 m• ft: n. O. O.

31.+9 4.564-0? 1.410•06 1 .41E•15 1.401•05 1 .40E•n5 1.34044m i.47r•ms 4:044•na 4.1.6I•04 6.83E•el soar•oo
'MAAS n, n. 0. 0. o. o. n. n: n. 0. O.

110447 4.04.04 4.500+00 6.50E+00 6.501+00 6.400,00 6.400•04 4.400.nn 6:400.00 6.490100 6.50(.00 6.500.00

1101.00+Y.00 1.o6r+n4 1.460+In 1.86E+10 6.501.05 ?„0504o0 O. A. n: O. 0, O.

MARS 4.5204,n1 +.00E.0% 7.0nE4.05 you•os 7.m00+oS 6.001+05 5.6704,m5 :.44,,m5 6.404+05 S.S6N05 4.411+05

NP•430 4.540+01 5.RIE,0% 6.R0E.005 7.00E+05 7„,,11,,o5 6.040•05 6.44r4m5 6:4511+n5 6.69r.bn5 5.54E405 4.421.005

TC.1.0 4.404+00 5.501.06 5.37E+06 5.561.06 5.45E+06 5.014.06 5.100+n6 0:R5r.416 3.060006 1.031.00 1.01E+05

6U4,06,004106 5.114403 0.n3E+07 2,00E+01 O. n. n. A. 0: O. O. O. >

00+107 0.414+02 4.04004 0.041.1,04 4.04E•04 4.4441•04 4.94F.004 A.Rolofto ii:opp.n4 6.004,004 4.71E404 4.44E+04 4
,4

AG.,10M 1.75F-10 peat4,01 5.081.16 O. n. O. n. A. 0. O. 0.

co.913m 2.70E00E tooc.nt, 6.41E.05 1.251.03 n. 0, n. o. n. 0. 0.
30.125.TE.025P p.42E.m 4.A3A.07 2.64E+05 0. 0, 0. N n: O. O. O.

144.106+06126 3.47E+01 6.700•05 600E+05 b.77E+05 6.,0r.03 4.56E09 4.440.0o5 4:0004,m5 3.400+05 2.13E104 6.60E+0/

I.1p4 1.514+01 1.464.04 1.06E+04 1.061.04 1.861.04 1.41.E.0A i.44roo4 1:i61on4 1.444+04 1.03E+04 1.00E+04

C6.1311 0°00*(10 2.POE•04 2.550.15 0. o. n. 1. o: 0. 0. o.

eso35 R.50E.02 1.340.05 1.14E+05 1.3414.05 1.440+05 1.34E+05 i.44rom5 1:4144,o5 1.114+05 1.10E605 1.071605

CW57+464130 0.360•04 1.010+10 2.40E4,10 1.040•06 1.0E.01 o. o. n: O. o. o.
cE.,AA.oR.tAA 7.59E.n6 3.1oE.08 6.11E.02 O. O. O. n. n: 0• 0. O.

R.1.1” i.REEPoi 3.04E.no 1.4181.06 O. 0. 0. 0. o: o. 0. O.
111..isi 2.0E4,02 3.441.06 3.391.130 1.34E+07 2.410E.OS 3.0E.09 n. o: 0. ei. O.

NOU R.Att.oi 1.00E+06 5,06E+0S 305E405 O. O. O. 0: O. O. O.

SUOSA 1.400+01$ 4.56E+04 3.52E+04 $.1111+00 3.05E400 O. n. 0: O. O. O.

Eu.45's 2.272.02 0.30E4,06 2,053E4,03 0. O. 0. 0. 0: 0. O. O.

05604 P.504400 $.711+01 5.400006 O. O. O. O. 0: O. O. O.

50741. 0.061+05 6.00E+10 5.051+10 5.10E+07 0.14E+06 6.000.006 A.70P+06 1:440406 6.000+06 00614.06 1.05E+06

A. VALUES LESS,t4A0 1.01410 MOS BEEN OESI0NATE0 A$ ZERO.



TABLE A.2.9b. Radioactivity Inventory--Reprocessing Cycle--Growth Case 5 - 2000 Reprocessing Startup, Curies(A)

Actinides

TEAR

RADTONUEL/DES 051 2000 2050 pm) 500 000

DEDLDOTO

5000

TTHr fvraR9 RvertN0 1975

1000n snow, 10000n 500000 1000000

CM.1.45 2.55E+02 9.57F+els R.s5E.15 903E+05 P..5F+15 603F.,09 i:OF.0n4 p.10r+n? n. 0,

CM.?44 6.78E+ni f.59F.09 7.19E+08 1.30E+02 A.ARF+'T . n. n. n. n. O.

cm.pcs3 A.a3E+01 1.94E+06 1.27E+06 1.42E+02 3..0E-13 0. n. n: 0. o. O.

CA1.1)42 7,0514.01 106E+0, 1.0E+0T P.52E+0A R.APF+n5 509E.DT n. n: n. O. 0,

AM+243.0HP.230 A.0E+00 R.M8E•07 A.0TETOT 303ETO7 3.75E+I7 2.61E+07 I.AAA+07 a:APF.on5 (toTr++13 D. o.

AM.p4pM+AHT242 1.42E+00 4.29E1.07 3.o1E+07 6.141.00b 6.APF•05 7.51A+05 n. n: n. o. 0.

Am+241 7,29E+0? AOTF.002 8.i9E+.001 (1.50%+06 104E+18 9.A2F+05 el.iTr+nS 1:A6F+na P.POw+1.2 O. 0„

FU.2112 1.0TETDO 2.29Froil 2.11E+1.1 2.01E+08 2.06E+,011 2,43F+00 2.110r+0.4 r:i3F•ma 20(1F+04 0.81E+03 3,03E+03

211.1041 o„RSE+0ii 3.92F*DA 1.54E+04 9.E4E+05 RoiE•ms 6.35E+0A 4.1Tro05 1:06E.na P.POron/ D. 0.

211.240 1.22E.D3 TOSETOR 9.141E1.36 1,t1E+07 1.08E.07 7.01E+n4 4.,OronA 4:Rar+ma tt.12.on2 O. O.

PU.P39 9.0IFTD2 1.A0F+06 1:A1E+1b 2.00E.00 209E+06 9.68F+00, 4.44ron6 2:01,•06 6.114r+n5 7.55E4.00 5.115.06

20158 11.19F•03 3.??F•07 3.00E+07 5.27E+06 6.n7F•n3 7.A4E-03 n. 0: 0. V. O.

PUTP56 9.110F•02 A.11E 1,011 6.26E+02 o. D. o. n. 0: 0. O. O.

NP.P37A 0A+255 1.02E+01 A.P2E.05 A.53ET05 5.70E+05 6ow+05 7.64E+05 7.0sop4 7:41T.05 7.44ron, 6.541+05 5.55E+05

U.228+THT2390 2.11E+00 305E+01 5,15E+03 5.55E+03 3015F•03 3.35E+01 A.15r+nl 1:151.03 1.115F.003 SORE.1.03 3.16[4.03
Fir.2349

U.2116 9.1SE.01 1.01F+011 1.02E+05 1.13E+03 1.%0F+03 2.30E.D7 n.10rom3 4:RTr+05 A.per+n3 0.231.03 4..171+03

U.2, **** .231 T.70E•02 1.15E•02 1.15E+12 1.0E+0? 1.i9E,002 1.42F+0E i.A4e.ne a:o5F+0? 6.3Ar+02 WRE+02 6.76E+02

U.2R4 1.52E+00 5.55E+05 7.0E+13 2.20E+0A 2.+3E+n4 2.78F4,04 P.,Nr+ru 2:03A+no p.lArams 705E+03 2.70E4,03

U.PF3 1,a0E+011 102E901 3.79E+11 0.551+02 1.15FT03 7.v87.01 1.1e4r+nA 1:APF•0.4 1.32r.05 3.06E+05 2.07E+05

U.2112 1.52F-02 2.16F•na 2.06E+04 4.13E+02 5.164.00 0. n. n: 0. D. O.

10110171 7.914.06 106E4'01 1.76E+01 1.19E+01 1.n4F+n1 1.45E,01 R.a4++n1 2.55pAn2 5,39E+02 3.3421•02

THH1130 6.68E-05 410,6Erini A.71E.11 9.03E,T01 2.T9pT02 105fT01 A.,Tro.9 4:i5F•nl 1.40F+01 1.04E+04 3.511+05

TH.2/11*# DAUGHTER 1.06E-0A 1010E+01 6.1SEHD1 6.20E+01 1.46E+02 1.1SETOT 4.110von4 4.0F+AS 2.46E+08 2.39E+06

TH.pieet OAUGHTED 5 104E+02 t.Atr.105 1.49E+05 2.07E+03 20,1E+01 2.08(.01 A.RIF.n1 1:R1F.02 4.714R•n2 3.52E-01 7.021.01

AC.F17oi oRuomTer# 3 2.10FTOT 5.51E+01 SnAE+01 1.11E+02 1..9E•n2 1.A6E+02 1.49F+02 e:i2F+02 1.40R+113 2,71E+03 2.71E+03

TH.452+1 DAUGHTER 1.5SETID 7.94E+06 s.s8E.16 6.081.05 i.nsr-nR s.93F-04 A.n5F-n3 1101F.,OF P•01..M2 t„51E+01 3.01E-01

RATE28.0! DAUGHTER 3 2.50E.08 4.21F•nn 6,61E+00 6.71E+01 2.41F+12 4.09F•n7 9:i1A.orA s.a5,4014 6.22E+rO 2.11E+00

F9.11092 DAUGHTER S S.21E+01 900P.M 1041E+00 3.17E+01 1.'5E+02 2.02f4n7 4.mOr•ns 2:i%Ponis A.p2r.AnA 3.111+04 105E4,00

TOTAL 1.04,005 2.96E+0a 1A5F+09 0.90E.TO9 P.A4F+08 3.49E+07 A.T5A+nT 4:40+•nA P.69T.n6 5.5sEr06 3.30E+06

A. VALUES LESS TMAN 1.0fT0 HAVE REF,. DESTGNATED A9
e„ 71.1.229, 7 DAUSHTFRS ARE RA.225, ACT225. FR-221.

ZERU.
AT.217, AT-215, se.209 AHD TLHAO!; Ts 01 0s TH.??9 ANn .0.213 IS 91% OF Tw..22O,

7Hr22/1, 6 DAUGHTERS ARF RA.2pu, RA1.221; F0.21b, PS.21e. AT•FiF AND TL.209 79 545 or TH..2,4 AmO pn..ptp Ts AA% 0F TH.220.
Ac.21.7. 7 nRuOm7FR8 ARF 7i4.2p7, FA.221. RN.20, po.pis, Fo.eil, R7.211 APo TL-F07.
7H.252, 2 DAUSHTFRS ARE RA.2ps SHO se.R28.
PAT2264 5 DAuGHTFR8 ARE 00.2n, Rn.eiR; RaT21A. 9IT214 010) PnT2I4.
R8.210, 2 DALIGHTFR8 ARE 81.210 ANn PO.,10.

NOTF. /N ACCOUNTING FoR THE ArTI7IT4 10 THIS mAHHFH, A1RATrH714n 0FrAT 7H THE CAST nF +1-206. (3•11 P0.21.2 (64%). 4140 71.•204
(4%) • P0.2:41 (41%) HERE COUNTED 08 A SINGLE nAUGHTFP IH FArH CASF. TTHna .RANnMIN4 (i% nR LFSA) TO IGNORED.



A.49

A.3 HEAT GENERATION RATE TABLES 

The tables of heat generation rates (A.3.1a through A.3.9b) appear in the same format

as those for radioactivity inventory.



TABLE A.3.1a. Heat Generation Rates--Once-Through Cycle--Growth Case 1, Watts(A)

Activation Products

1101.00Te T710 fTEAes,ssEeNe IsEs,
NAJOS

Fission and

TEAN

040,01010L0002 2000 2090 1070 SOO '000 9000 10060 90000 100000 900000 1000000

14.4 1.61E4,01 /.116E+o0 7.001.01 o. O. o. n. 6: 0. o. o.

Coe 1.10E+00 1.02E+00 1.41[4,00 to00•00 1.6/E.00 1.0011+00 S.ATr+ei A:0E+03 103E+00 0. 0.

HN.He fa0E+00 e. O. O. 0, 0. O. 0: O. O. O.

F[015 1440E.03 106E.07 9.12E.06 O. n. O. n. 0: O. O. O.

C0.40 n.099,09 6.9419,01 0:1090,00 0. 0. 0. e. e: 0. 0. O.

N1:..A9 1.0[4'00 100F,00 1.10E+00 1.0E+00 1.09E+00 1.09E000 1.01/.00 i:T3E001 4.00...01 1.110E+0/ 1.01E+00

NI,.+3 9.09E+02 1.419/4.02 5.50E+02 1.412.01 3.o7F.01 0. n. 0: 0. O. O.

er+Te 4.944.01 9.96E.01 9.OSI.01 4.41E.01 S.A6a.01 400E-01 ..obr.m l 9:.si.ot 3.891..n1 4.60.09 2.399.05

ati.n, 11.44.4.04 1.411E4'03 3.9614.02 1049.09 O. O. n. 0: O. O. O.

AP.A7 A.Saf.07 80/E.03 0.S2E.OS 8.i2E.0S 8.411E.O5 6e32E.03 AsAlr.els 4:i21,..OS 4.42r.n6 /1.52E.03 A.SaPPOS

34..00.90 A.26F+06 6.94C.0! 6.011.09 1.81E4ot 8.m3E.0S 0. 5. 0: O. 'O. O.

Z9..211 1.0/.00 10'9E4'00 1.49E+00 1•416E.00 1..0E+00 1.40E+00 1-.48/.000 1:i911.00 1.92/.000 1.10.00 909I+01

Ng.e7m P.OV000 41.7nr,On 4.944.00 009E4'00 4.11194.00 n.”!.,00 4101/01ono 4:04,4.60 4.18.:$110 7.46E4,00 2.769.00

Te...09 1.09.02 1.66i,02 1.0S,01 1.14.S.02 1.469.,n2 i.6419.002 i.6tr+n2 i:ilir4.02 f.Por,oni 3.10.01 6.19E4.00
- 140,,norn.106

:::::: M

A.77F4,09 o. O. O.

9.40E+02 S.P1F.02 0.e011+32 5.00+02

aoég.nt O. O. O.

O.

sooi.na

O.

0.

s.A5e.02

O.

N

4.03,..m2

0.

5:

CA3s.nt

0:

6,

9.nOw.12

O.

O.

S.579.02

O.

O.

5.309.02

O.

co.otbm P.50rq.01 pooroon 7.53E+01 1.0E+09 O. O. n. n: O. O. O.

em.iss++E.IssH A70!..73 10 . .. 10F.0? 5931+es 0 o. 0. n. 0: 0, 0, 0.

UO26.90.1 26 1.13E+02 100+52 1.0E4,02 1.13E+02 1.1EE.02 1.099.002 1.nSi.n2 1:o0r,n1 So6Or.n1 3.94E4.00 1.119•01

1.1,9 1.51E+01 1.61E+01 1.61E+51 1.51E+01 t.412.51 1.61E+01 1.41+.01 1.61/.01 1.41/.01 1.00.0t 1.30E.o1

C9.134 4.811E+oe P.6iF.03 9.12E.06 0. n. O. n. 0: n. n. O.

C9,.13S 0.01r.01 4.930!"01 9.13E.01 9.90.01 9.139.01 9.32E.01 go.91P.nt n:ifir.mi 9.11++e1 0.31E.01 7.411E-01

03.417+PA.137 2.70/.006 70'3/.09 4.54E+03 3.97E+01 3..SE.04 O. n. M: 0, 0. 0,

CE.I40+041411 1.599+03 n. 0. 0. O. O. n. 6: O. 0. O.

Pm.la7 9.0F•03 1.66F..0? 6.41S-05 O. O. O. n. n: O. O. O.

•

,

1104 91 1:40i+nn n.AIF 1,09 15:0194,03 3.0E4.02 S.52E.,00 0. n. 6: n. O. O.

lu.1S2 9.77F.002 9.PPF,oni 1.61E.01 6.739•10 O. O. 0. 0: O. O. O.

ElloiSii 1.23,4.nO 1.61p,onn S.OSE.03 1.96E.00 0, O. 0. 6: n. o. O.

El1.153 1.04.02 SOSE.07 2.79E.10 O. O. O. n. 6: 0, 0, 0,

WWII P.aor.ot o, O. o. o. o. n. 6: o. o. 0.

TOTel. 6039+09 1.43E4'09 $.110E•OS 6090+00 2.0E+00 2.939.02 p.76i.n2 p.ser.til 104,•01 4.10...01 1.09go01

A. YALU!, LESS THAN 1.1:4.10 HAVE sEEN DEO/ONATE0 As EEK1.



TABLE A.3.1b. Heat Generation Rates--Once-Through Cycle, Growth Case 1, Watts(A)

Actinides

vIAR sIoL00Ic,7741! freAps,efroNo 1evs5

RADTONUCLIDES Co 2000  POSO 2070 500 )000 3000 10000, WOO 100400 S00000 1000000

CM.pOS P.Ortni 200E4'01 2013E.001 2061.01 2.63E+01 1.000.01 i.01WoM A:91rtel 6.11”0 O. o,

CH044 1.0SE.OS 10141+0A 7:1011.03 1.17E.” 0. 6. 0: n. o. O.

Otiolits 9.14.001 1.73E•01 1.Ort02 1.701.02 301.F.07 0. M. 0: D. o.

CM.142 1.0E401 1.1170.03 1.14E*0% 1.10E+OE 2.15E+01 1.071.07 0. 0: o. o.

AH.1630.4..435 P.96E+03 205E4'03 2.90E+03 1.0E.,03 2.i1Ft03 1.69E+03 i.kor.m3 3.'0E4.01 3.RREHM 0. o,

AN.,61H‘Am.28p 0.116E+01 7.SSF4.01 7.16E+01 1.12E+01 t.isr.o0 i.57bos 0. 0: o. o, o,

AN•pal 9.93EioS NAGE•OS S.A2E.OS R.01.05 2.OF•05 3.53ETO2 T.33,4.ot A:RRFH01 6.91,HoS o. o.

RU.PR2 605E0,02 201SETOP 2.95E..02 2.9111,02 2.4cluo2 2.92E.OE 2O4F.01 E:ARF4.02 P.ASFR,2 1.111.01 4.73E4.01

R1J+211 1 1,46E+06 1.23E.011 4011E1.02 3.6SE.OS 3.4luot 2.119E..01 1.041t.o? N:i1T.ns NOF.16 O. O.

Pu•pao 1.1SE.tOS 10RE*0.1 1.0q.o0.5 tolet•os 1.mcif.os 6.90E4.0R A.7Ortoti 4:1011.02 A.oSE.00 O. o.

Ru+230 NAGE•06 NRREROA 6.411E•00 5.351.04 A.,n.ogs 7.37r0011 6.411F+.4 S.006•03 5.61E.02 3.0p,08

Ru.,23+ 1.621.00S E.A6FT.OS 1.10E+05 9.an+o3 S.511F.07 n. n: O.

Ru0136 pol++01 4.191.06 3.1,4E+06 0. n: n. O. O.

No.p3+++A+233 (..73E•Ot 7060.01 0.19E+01 1.s71.02 a.fts14.na 20136,02 R.43E4q4 ,:arins P.36,4.12 P.OTE.OE 106E901

U+23++Tv+234r 0.77E,001 4.771,4.01 9.77E+01 4.771+01 9.0e.01 9.77E+01 4.1/riot 4:5ef.mi 0.06R+01 9.76E.t01 9OSF.01
0..2%10

U.2,6 tio3E+01 .1.76F.M A.A0E+01 4.oE.oc s.msF4.01 5.91E,001 6.99rtn1 7:4sF.of 7.99,•01 7.50E4,01 7.39E4,01

U.SIS.To.231 ...Orton 6.11F.06 6.13E+00 6.10.+oo 6.poI4.00 6.66E+00 Ao9r.o0 A:T7w.00 6.66F.00 606E070 8.A1U000

U.PF4 p.A3E+02 3.10+0? 3.30E+02 3.ot*o2 3.44E•o2 3.93E.00E 3.A9Ft.02 1:0e.cla 10Prema 1.66Et.01 1.10E+02

O.rt, P.E0E+0a 1.10EHO? A.131+12 a.40E.oc b.OE.0 .4101E+00 NADromO a:3711.4,1 1~01 1.631,02 1.17E.02

U.ERP R.05E+00 (.0p(r+OP. 1.54E+00 3.1cm-02 aocer.o4 o: O. O.

EAHP31 7.24.03 j.414E.0p 1.:+2E.02 7.0A-02 1.ot.pc 604E...01 iO3,410 e:pee.no 709,•00 9.40.00 9.48E4.00

TH...p10 4.72E.02 1.76E+01 2.31E.01 1.01.00 3.išt•clo 1.62E+01 1.fgroM f:iNF4,02 P0111.02 1.91E+02 1.16E+02

Tw.pP9.1.7 DAIL:MYERS 1.03E+64 103E+03 i.37E+03 3.01.02 809E+00 F.i9F.to1 2:i22+,12 6.44,•02 1.26E4.03 103E+03

TH.FPAt.. DAUGHTERS 2.00E+01 1.27E.P0i 1.03E+01 1.0E-O3 1.0004 R.OF.OR 1:Ner.113 P.TAvt03 1.411.02 1.1401.02

A0.727+7 DAUSHTERS +.52E+03 602E+02 3.E6E+02 4.60-01 9.voE.01 4.R7E.000 A.72V.00 1:i6R:01 11.09F.01 6.16E601 6.16E.001

TH.P32ii DAUSHTERs 1.40E•OS 1.7+1.07 1.211.ob 2.0E-ocs 1.46E605 ItiPITHOS 3.02E•04 2.01E.03 4.00EH03

RA.P2645 DAUGHTERS ia8t..03 I.A6E*02 2.43E+02 7.66E.01 3.ictE*O0 5.39E.001 1ot9Ft.m2 T:ROE.01 1.10.03 1.00.03 6.55E+02

FS.P10.0t OAIIGHTVIS A.OEf•EIE 10114P.03 2.32E+03 t.o1.01 1.16E4.01 1.mOrtm1 1:R7F.02 R.65,4,02 P.36E+02 1.111r1.01

T0TAL ta8E.006 1.11ETO6 1.26E+06 6.531.05 Louoos 1.46E+0S t.ofirtmS ENSF.06 P.E1E+03 3.69E+03 1.90E+03

A. VALUES LESS THAN 1.0E00 HOF SEEN DE81GNATED AS ZERO.
S. Ttiolet. 7 DAUGHTERS ARE RA.tps, FN.tal, AT.:17, RTH2T3, F6.209 AND TI.HpOR TS 9% oF TN.fie AND i0.413 Is fist OF THRE29.

THelpat 6 DAUGHTERS ARE RA•EPR, 54.220. POR116, 117•24 AND TL.DOS IS 36% Or iN.12A
Ap.aer, 7 1:IA1.121471,Ra ARE 1 4.227. R++223. 8N+2111. p0+2IŠ, 1110211 ANO TLH607.
7,16131, 2 CAUONT222 02 2A.214.AND ACREIS.
114.2p6, S DAUGHTERS ARE RN•IPI, 7.0.21 11. 18.114, 111.216 AND F0.114.
/11.110. I DALAINT222 02 21.210 AND P0.210.

AND ED6111 is 645 01 TN+2211.

NOTE. IN ACCOUNTINI FOR THE ACT! VITy IN THIS UMW, SSANeNtN4 MST 1N THE eSEE OP Tt..108 fESIS •PO•ITE (6aE), aN0 TL.2010
(OI) • 00.2111 (2121 NM COUNTED AS A 8INGL1 DAUGHTER 1m EACH CASE. MINOR RRANEMINS 111< OR LESS) WAS !SNORED.



TABLE A.3.2a. Heat Generation Rates--Once-Through Cycle--Growth Case 2, Watts(A)

Fission and Activation Products

NA,1011
46070NUoLIDES 1000

no,
ROSO 1070 SOO • F000

oenLnare 7;mr fvf.44,11.voso
S000 Im0m0. .1m000

1,735
MOO S00000 1000000

N.4 1.tar•O2 1.16E.01 1.61E+01 1.113E-09 0. O. n. 0: OA O. O.

ON1a

::::::::

t.14E+01 1.11E1.01 100E+01 1.m8E•01 6.16E+00 1.111111.m0 10.+211+01 6.01..09 O. O.

Ns.so 4.51E+011 O. O. u. O. M. 0: O. O. O.

RE+MS 11.014.03 4.13E+00 1.131.0i O. O. O. n. 0: O. O. O.

O0+60

sp.a,1

M.03V+05

P.O3T.00

7.A2T+01

407F•ON

5.16E.02

607E+00

0.

6.741E+00

O.

6.iir,o0

0,

608E.on

1.

4.7ip•o0

n:

6:141..m0

M.

1.091.50

O.

9.9PE+02

O.

1.14E+03

NTmA3 .014+63 P.alT 1,01 2, 0Ts.0s 416E+01. pi6.00,F O . O. 5. m. O. 0.

Gf.70 p.S41.01 6.PaE+nn 6./41.10 6.21Z4,00 6.imo600 3.02E,000 m...1v6m0 1:ATaa00 P.19,•110 3.03E+02 1.01.011

AAAAC 1.001 A.ON P..A4A.04 7A9IE.53 3.431.015 0, 0. es. 0: ft, O. O.

AA.At R.011+14 s.331 .0a 5.1•11..04 3.301+04 S.A0F.116 s.a0E.06 Cottle-ma A:amr..ma 4500.,..na 5.30.0a 5001.06

$0.00..T.90 #..03a016 6.00F+06 3.7?14,36 1.0E502 7.1)3FAC4 O. n. ft. m. O A O.

Moat It.63A.0,50 9.75F.o5 9AP5F,00 9.26E4,00 9.A6A,AmO A APAE.07 e.alp.n0 4,:i0F.07 ,..,,o,..00 5.35E.00 Oo3f.00

Nm.614 AAAIA.AOM A.M6A1,01 PAA7E+51 2.73AA01 P A ASEAml 203E001 2.92r.mi a:Orsmi 7.0.1r0m1 2.111.01 1.72E+01

YeAA9 aolvomp 1.0aa+m1 1.m4E+m3 1.04E+03 1.m4E+03 1.02E+03 i.m1,01,3 A:a2romo .1.64r.,m2 P.00.02 304E+01

R".fom0RN.106 1.6RV0 ma m.62a+011 6.61E+10 3. O. 0: n. m: P. O. O.

A0.i07 s.64.(11 /oker.01 7.4n.01 3.C2E-01 3.A1EA01 3./IIE.ot 1..1..mt II:it:Jr-AI 3.7or.o1 3.63E.01 3.461-01

Am.' I r4 o.sby•no 1.‘3F.17 0. o. O. o. 7. 7: A. 1. O.

Co.str, 0..61,,n1 1.94FoOl 1.40tom1 2.70.05 O. O. O. M. O. O. O.

GS...25.,E.Iv5. 1.611a+ma 2.PoE•ni 1.1t2E-ot 7. O. 0. A. 0. m. O. O.

P...i2bspo.126 I.OSf.n? 7.300A0? 7.30E•02 7.26A.01 7.25A,01 T.ORWR A.R111•OR R:T7E+0, R.43110,4 2.29E401 709E.01

1.1p9 11.444..ni i.0eE4,00 i.ntt.no 1.12E+00 1.7?c,m0 1.02F.no 1.72,4.70 1:41,..n0 i.mer.on0 100E4.00 9.10g.ni

Co.sla 1.51E•n7 106E+01 6.sfE.02 0. O. 0. m. 0: O. O. O.

CS.ils p.51,*(10 6.13E+00 6.13E+00 6.13E+00 6.43E4,00 6.13E+m0 6.iEr..m0 6:;61,..n0 6.011,..m0 5.46E•00 11.87E600

OS+137+AA.137 ...6aa+m6 604E+06 0.101+06 3.01.101 3.0E+03 O. m. 0: n. O. O.

'CE..l44.ra..14a T.1 11E+03 103E+06 O. O. O. O. n. 0: S. O. O.

am.laT P.13E•mo 8.93,.+01 1.80E601 0. O. 0. 1. 0. m. O. O.

SN.ISI 3.04.0011 6.13E+0a 5.11E.0a 2.n6E•03 3..m..,1 0. n. 0: m. O. O.

lu-IS2 f.tilenl S.ASE.010 1.76E.02 1.01.606 0, O. ft. 0: O. O. O.

EU..150 4.50,505 is,WOR 9•119E+04 280(.03 0. n. .7. M. O. O. O.

Eu.15S S.71E+m? 3.P4EmO? 1.341E.00 O. O. O. ft. 0: O. 0. O.

0114,11 4.70F+0? O. O. O. n. O. n. n: n. O. O.

YoY#1. 1.alFe07 104E4,0/ 8.05E.06 4.53E.03 1.67E601 109E+03 1.iOr.oft3 1:i5r.n3 1.terb03 104E+01 11.0111E.01

A. VALUES 418 iNAN 1.400 NOE BEEN DESIGNATED AS ZERO.



TABLE A.3.2b. Heat Generation Rates--Once-Through Cycle--Growth Case 2, Watts(A)

Actinides

vto GEOLOGIC TIME fYFARR,BETOND 14/711)

RASTONUL/OES IA) t000 POMO p070 SOO i000 S000 1060 IOW) 1066 50006 1000000
 0000 :A..  

Cm.pity 1.04E+01 2.52E4.01 aom.02 1.43E+02 2.03E001 1.0EA02 I.10EAnE m:A5E+00 506.02 O. O.

Cm.pati A.ASZTOS 2.TAE.Dm 1.16ETOS 2.21Z.02 1.01E.10 0. m. m: O. D, O.

Co.E.13 ..98ET01 2.11FTOS 1.111Em03 1.08E.0) A.,.E.qA p, n. n: O. O. O.

Cm•PA1 R.52[T0I 109E.04 1.08ET04 1.701,05 1.i6E.02 posr.06 0. n: n. o. O.

AN.A..1.0.239 0.97E•03 2.40E606 2.19E4.06 0.311.06 t.i0E.06 1o3E4.0A 0.7514•113 2.402.402 24402200 0. 0,

AM•p4e4.41...24; 2.04+0? 6.20.010 5.72E4.02 9,09E.001 9.79E.00 1.111.07 m. n: n. 0. O.

AM.641 1.41E 4,06 9.p6E,006 S.AEE.006 2.63E+06 1.12E4,06 2.37r.00 1.,spom2 11:014.00 6.16oll O. O.

PU.P412 RO3O002 2./9FT07 P.I9Es03 1.191,01 2.01E•m% 2.17E.00! A..SoAml E:A6.003 1.0.2..m3 11.71E•02 3.S11002

20.241 0.18E•nu 1.A4E•04 Ta.AE.ms 3.E2E..01 3.A9FA01 1.21E.01 1...Sr.m1 m:m7E..ms 7.65,..05 0, 0,

11.PA0 p,E9p.mS A.A0E4'0S 6.591•05 6.531,05 6.mlETTS 3.119ITOS 7.O9P•m5 1:e5R+03 2.741,A,n1 O. O.

RU.P39 1.E0E.05 .../SETOS 4.EnE.,05 6.2314,05 A.ITE•os s.74EA05 1.A600l,mS 1:A6E•05 2.m5o0m4 1.96E•01 2011..07

P....1.1m 1.20E+06 2.90$0A 1.ASEn06 5071,6 1.04E.03 u.S1E.06 n. 0: O. 0, O.

Pu-El• M.27E+0^ 1.0AE•n? 8.12E.05 O. O. O. m. O. O. 0, 0,

Np•E37+0A.133 1.8er*D2 5.095•02 G.A1Z*02 1.01t•03 toi3uon3 1.5et.03 l ool..A3 1:i6iiO3 1.6Apin3 1.36E•O7 1.0E4,63

11.42!84.71A.R36. 1.6Si.nE 6.66is0i A.66E.02 A.66E•02 A.A6E.02 4..66E.6 A.A6E•m2 4.6614.102 4.464.4.2 4.66E4.02 2.66E202
P44.234M

62m6 1.15E+02 E.ASETOA 2.68E,t0p E.CSEA,OS 3.17E+01 3.S21.01 1.o2oAn2 A.ARE.002 11.101002 4.441.02 4011ETO2

11.2150w*E31 To,114.00 E.40E*01 E.A0E.01 10.2E+01 1....1EAll 2.SSE,01 P.TA.T.m1 1:01,,m1 1.0,,m1 3.112.01 307E+01

u.4•11 6.0i,n2 1.60E+01 1011E.O3 2.302.03 1.03E.03 1.3EE.O3 potE.ng p:ilE.no 1.ACE.03 0.00.002 S.S8F,Op

u.411 4.04Fi02 p.nif.oi 1.41E.01 1.67E+00 1.07E+00 2.A6E,001 R.asvont E:ASE•02 R.i3o002 1.19E+07 1.15E+03

U.P11? 1.01ETM 105E001 1.024,01 2.0E,..01 101SE..05 O. m. 0: m. 0. O.

14.031 1.01.02 A.TIENos 7,62E.02 1.01.01 5.A7E.01 1.7114.6 e.t2rom0 p:Tao.,01 1.ERA 001 A.OZEoll 4.03z+01

Tw•E30 a.07E.0p ,,,las.01 1.0E4.00 706E4,00 100E+01 4.416f4.01 i.Aftr,me i:450r4.02 1.16.0m3 toTE.03 5.66E+0p

TN.Ewi DAuSNTERS 1.664-041 A.TSENos 7.671.03 2.011E-01 104E+00 s.74E601 i...2oAn2 1:i8E013 3.?Wm3 6.1AE,03 6.00E+03

TH.EWA DAuGHTERS (..11EO11 . lAr 2....+0. 2 2r.A....4.01 1442E4'00 1602.02 S.24 04, i.602.40l i.0,...03 1.04.02 4.32E.02 1.66E201

AC.227.7 DAUGHTFAS 1.50.01 p.O6•01 3.A0E-o1 1.43E+00 3.E1E+00 1.17E4.01 .1.1.6.m1 1:63oom1 2.15,,02 20.4E+02 2.0E+01

Tw•ESETA DAUGHTERS m„41E.08 .E.TAE.OT 8.A1E.07 6.051.06 1.41f.05 6.S5E-OS 1.A6,..04 1:i2F.03 2.02,m0I 1.19E.02 2.771.01

RA.E16.T. DAUGHTERS E.30E.03 1.10S.02 9.I3E.02 3.91E+00 1.41E.01 3.16Fipe 6.isi•02 6:6trin3 6.71i.n3 1...0ACA03 3.351•05

116P10TE DAUGHTERS I.oir.oA A.ToENos 1.00E-02 son.ol 3.60E+00 6.A0E.001 f.iloomE C.A9oom2 1.44E+03 1.30E4.03 7.21/4.01

TOTAL A.E9EAO6 A.60,06 6.671606 0.10E+06 2.0E+06 1.9111•OS s.A3iinS i:isronS 4.s1r•011 1.10,06 1.711606

A. VALUES LESS THAN 1.(4.10 HAVF SEEN DESIGNATED AS ZERO,
G. 7H•210, 7 DAuSHTERS ARE

TH.IES, 6 DAIAHTFRS ARE
RAA2PS, AC.111; ERAsE),
RA..274, RA1.120. R6216,

0.10, ST..2T3,
E16212, 8/.24

AS.109 AND T0400 TS 9% cE T14./20 AND
AND %NEU is 1AS Di iN.aps AND PONPit 3'1:: Of ;!!/::.".119.

AC.217. DALIONTFIS
7H•252, 2

TM.SET, 01,..221; RN.219.
RA.278 ANO AC.128.

.0.216, Pollai1; 11.211 ANO T046.
DAWANTEss ARE

PA..2E6, 5 DAONTFIrts ARE
reale, 2 DAuSITTFAs AR!

INNtit; P0.115; PON216,
11.210 AND Po.lso,

81N214 ANn 206/14.

NOTF. IN ACCOUNTING FOR THE ACTIVITY Im THIS MANNER, SRANCH/Nm (MAE IN THE cAse M TC.POR (306 • ED•11T1 (64111). AND TI.-109
(91) . o0.211 (sill WERE COUNTED AS A SINGLE DAUGHTER IN EACH CASE. MINOR ARANCMINS (11 os LESS) NAS



TABLE A.3.3a. Heat Generation Rates--Once-Through Cycle--Growth Case 3, Watts(A)

Fission and Activation Products

MAJpO
YEAR 0E01.007C T7MA eYFA9AOF0MNO 10,33

RA1570wM1NES 2000 2000 2070 VW i000 3000 1000n. ')0{0 100f00 000000 1000000

M.3 i.:002*(12 4.33l+02 1.40E+02 100E+00 0. O. % 0: n. O. O.

C.Ip 7.6e1F•00 S.00E•M 5:A7UPOI 5.60E•01 5.07E+01 3.25E+01 i.011+01 1:i1E+01 3041.04 0. O.

I.N.44 A.68r0.00 9.30.01 O.PH•os % o. O. % n: % O. O.

lw!..IM 7.644,01 3.P9E+n3 1.401.01 0. O. O. O. 0: P. O. 0,

Cti...n0 !4.g4.05 3.30F•05 2,17Es0A O. ni. O. n. 0: O. O. O.

01.00 4.40A+On 11.43E+01 3.42E+01 3.41E+01 11.4snE..01 3.24E+01 1.14A+n1 0:i20..01 1.440+.11 4.52E+01 S.45E003

NI+PS P.11FoOl 105E+04 1.10E+04 5.46E+02 1.761.001 O. 0. 5. 0. O. O.

6f..+9 11.02F+110 1.13E.001 3.13E+01 0.12E+01 3.10E.m1 2.97E+01 A.A2v.nI 1:04,0,1 108".4.11 102E.M 7.18E.04

MR.43 1.77114M4 1.640F4.0O 1.04F000 so3E..07 0. 0. % 0: Y. O. O.

110.07 0.31F+04 2.Ma+04 2.40E+13 2.66E+01 2.A6F..1E P.66[..03 A.A6A.n3 A:46W.03 7.040,,n3 2.66E.n3 2.661,,.03

114.00.r.90 4.77F•n6 4.P0P+07 2.42E+07 1.16E+0E 0.,AE.m3 0. n. M: % O. O.

Z11..03 C.111P0nel 40.5E+01 4.63E+01 4.0SE+01 4.A4E,0n1 4.1.44,01 a.ASronl 4:04,..01 A. 1 3.60E.01 2.022.01

Ntam03,4 0.M4a,M0 1.10F+Op 1..AneME 1o7E#02 1.17i,n2 1.x7F4. ioor.nP I: ? 1.01r012 100E4.02 0.65E+01

pc.00 POASE+0P S.P2F•03 5.22E4.13 5.212.003 S.AnE.n5 3.13F•03 R.nOrosl A:n3F•n3 1.7Sr*M3 1.00E.03 1.43E+02

00...06+01...103 P.A 1 F•04 q.AaF 4.03 ootIF.03 O. % O. % 1: % D. O.

00+,0, P.44.01 1.01E+00 1.01E+00 1.91E 4,00 t.elF•o0 1.01E+00 1.010.nn i:010+00 1.000+00 1.S2E.00 1.731000

M1010. P.2811•10 1.1 7E+00 2.41E+00 Oe % % % M. % % O.

CD.P!Um ,A6I.O? 4.11F+01 laISE.12 2048E.07 0. O. Ma M. n. O. O.

Pl..I2S++E.I254 0.051+04 1011P2,,A4 7.,,II,P91 1. % % n. M: % O. O.

Aw.ipA.Orl.126 41.0A+02 40.10 003 3.44E+03 3.024.01 1.A4p+113 3.54,4,03 0.42,sn3 0:44600, I.A3A•n3 1.1.5E+0R 3.600+00

1+1P0 ...44A+n1 S.I2A+On S.I2E+10 7.12E+00 o.IPF,o0 S.120.0n w.iPA•nn 4:TIA.mn 000,one 1.021.00 4.02A+n0

00..i14 A.24F+riS 1.02P+OS 2.331+02 0. % O. n. n: % O. O.

011.05 1.71F•n0 1.07E+01 3.0Est,1 3017E001 3.n7F.01 3.00F+01 0.n6ron1 0:0114,01 3.nOr.onl 2.73E.601 2.a1!.001

Co.i374,AA-137 1.01,407 40(1E+07 2.0.24.37 2.51E4.03 p..3F.12 0. n. 0: O. % O.

CE.io44441.14.11 A.OISF.03 101E+011 fotoE.IO O. % O. % 1: % O. %

PNwill, M aliP,OM 2.06C4,041 1.04E+.12 % % % % n: % % O.

811.131 4.34F+04 i.APttog 2.1121,005 1.132•04 ?.ioffni 0. % n: % % O.

E1,..052 t.o1F•03 6.6AF+03 2.09E+03 1.706.07 O. 0. rt. 0: n. 0. 0.

2u.10a T.t00.05 2012+0. 0.000.00 2072•02 0. 0. 0. 0.: n. 0. 0.

2u.1S0 1.001,4.03 2.002.02 1.012.01 0. O. 0. 11. 0: tN. o. 0.
07,4FR 7.21F-fte 101F-ft? O. 0. 0. O. n. o: % O. O.

YOYAL P.24•07 R.311!•07 0.722.607 2.SOE.00A R.o1F4.03 2.99t.03 A.77r,•1,3 ,:ifir.n3 oo2pr03 1.30E.,03 3.41!.01

A. VALUFS LEBO TMAN 1.0r00 MAVF MIEN DESTONATED AS WO.
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TABLE A.3.4a. Heat Generation Rates--Once-Through Cycle--Growth Case 4, Watts(A)

Fission and Activiation Products
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TABLE A.3.4b. Heat Generation Rates--Once Through Cycle--Growth Case 4, Watts(A)
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TABLE A.3.5a. Heat Generation Rates--Once-Through Cycle--Growth Case 5, Watts(A)

Fission and Activation Products
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TABLE A.3.6a. Heat Generation Rates--Reprocessing Cycle--Growth Case 3--1990 Reprocessing Startup, Watts(A)

Fission and Activation Products

v268 nEnL0GIC 7401+ f4214128.4ftwft 1965;

2000 7050 2070 500 iOnn 5000 ImOnn snOn0 1m0n0n S00000 1000000
  ......,  

51.305
18DI0NUOL/OES

4.1 p.024.01 6.448401 28+E4,01 2.66E+05 n. O. n. 1: - 0. O. O.

:.18 maSsenn 8.622+01 5.602+01 5.14E+01 5.4,2E+01 1.102+01 1.69r.n1 1:148.01 3.194,6m4 n. o.

4)4.84 .4.62E+00 1032+00 5.4324.08 0. n. D. n. D. n. ft. O.

7E-IS 8.321.°5 7.7524,111 1.1124.nt 0. O. n. n. n: n. O. O.

:00,41 5.252+05 3.03E+05 2.14E.04 O. O. O. n. n: 6. 0. O.

lyel0 A.21F•00 p.944F+01 2.98E4.01 2.97L•01 2.652601 2.85E+01 8.731+4,1 1:432.01 1054+01 1.92E-01 5.171+03

72+63 P.02E+n3 107E+04 i.OnE•14 401E+02 1.4.42601 0. 0., n: n. O. O.

1E+79 1.23E+00 2.482+01 2.0E+01 2.416E+01 2.09E+01 2.+2F.m1 ,..ir+ni i:75s+m1 1.03,,m1 1.44E+01 7.0tp.04

(4.45 m. n. O. O. n, n. n. 0: n. O. O.

Aso'? 1.0E+04 '.76E..01 2.A6E+03 2.3603 P.46E.13 ?.315E.01 '0167-03 7:1164..03 7o164..n3 2o6E.,03 2.34[603

$17..400.40 P.66E+716 1.74E+17 2.746+17 1.03E 4,03 4.46E-n3 0. 1. n: 0. O. O.

38.63 7.1bs+00 4.00S+01 4.0E+01 4.60E+0i a.+0s+01 4.59E+01 u.sAs+ni 4:e0s+ml 4.40A+nt 3.65E+01 2.40E+01

48.43m 4o1F+00 1o4s+np 1.29E+02 106E+02 1.1624,n8 1.70E+02 1.15+6118 1:A44+02 1.304+02 104E02 0.57E.01

M.49 '07E+02 5.1777,(13 5.0E+03 5.16E+03 5.15E+n3 504E+01 4.n017+ell 4:0)4+03 1.72ron3 9.94E+02 1.111U002 3',

ILI.,06+461.406

40007

4.60F+ni 6.14A+03 6.46E+03 0. 0. 0. n. 0: 0. O. O. GI
c)

7.67E+02 2.34E+00 2.44E+00 2.146+00 P.%92.00 2.198.0n 6.14144.ftft i:,01,4,8,0 2.1614.6n0 2.81E4.00 8.16E+00

:::::::

s.S0s+03 1.712+00 3.10E+0S O. ft. O. m. 6: m. o. o.

9.78E*61 0041E002 3.10E+02 S.s5E+0 n. 1. 1, 0. O. O. O.

10.62S+11+125m 4.852.05 1.542+04 5.15E+01 O. D. n. n. 1: D. O. O.

W..146+,0.124 1.46F+el? 4.??F•00A 4.'7E+13 4.26E+03 4.'4E+03 4o3E+07 A.491!•03 11:6?E+03 2.144+03 1.34E+0P 0.40E000

g..Ip4 6.14-0i S.46E+00 5.46E+10 5.46E+00 5.46E+00 5.46E+00 4.454.00 5:Amr+no 5.43A+n0 5.35E+00 3.241600

3.634 1.04+04 203E+05 2.45E+02 1. 0. n. n. 1: n. O. O.

18035 1.13E+00 1.46E+01 3.46E+01 3.84E4.01 3.662661 5.082601 li..5)44,n1 5:012601 1.7740n1 3.44E+01 3.0111!•03

)8+.4.3**28.13, p.86E+1.16 4.647+07 2.46E+07 2.51E4,03 2.032-02 0. 1. 1: 0, O. O.

22044.2148.144 1.70E+00 1.011+01 1.0E+05 O. n. n. m. ft: 0. O. O.

1.00 Po19F,03 2.00F+00 1.011." 0. n. D. n. D. m. O. O.

IM+isi 1.651404 1.852•09 3:112+04 1.23E6044 2.662.n2 O. n. n : n. O. O.

!U•ilit 6.214+02 1.15E104 3.64E+03 e.41E+07 n, n. n. M: n. o. O.

NOS4

tu+735

1.682605 2.8524°6

p.14+01 4.s2F.602

1.n7E+06

1.67E+01

2.50E.0'

O.

0.

n.

1.

0.

n.

n.

0:

6:

0,

n.

O.

O.

O.

O.

)18211 1.00.n2 1.111F.02 O. O. n. O. n. ft: O. O. O.

fOTAL 6072+06 4.7924.07 501E637 2.60E+04 4.682603 4.51E+01 4,048+4)3 7.01603 6.084,n3 101E+03 3.48E+08

1, VALUES LESS +MAW 1.017+10 woof sEEW 0E470647ED As LE40.



TABLE A.3.6b. Heat Generation Rates, Reprocessing Cycle--Growth Case 3, 1990 Reprocessing Startup, Watts(A)

Actinides
TEAR GEOLDSTC TTBF fVEARS,S0VON0 19755

RADIONUCLIDES (N1 2000 p050 0070 500 1000 5000 100n0, 1o0i0m 500000 1000000
 A- 

,500oo
 OOOO

cmArA5 A.ASE.01 2.26E+041 2.?5E+06 2.1stA0A 2.09EA04 1.A9E,04 9.921,993 3.43E902 9.17.990 0. 0.

CM.p4a 1.01E+oS 2.70E+07 1.26E.007 2.22E+00 1.n7E.09 O. n. o: o. o. o.

Cm-rA5 7.76E+02 1.721+01 2.0E+09 3.65E+00 7.,2r.05 0, n. o: 0. o. 0.

Cm.pit2 p.ssFanI 4.56E+05 ..IbE+os 6.53E+00 6.49E+03 $1.002.05 n. n: O. O. O.

Am.p43.NR.23; A.A2Fros 9.65E+05 5.49E+05 5.44E405 5,p0F.05 3.62E+05 2olop.o5 6:131405 8.80r•o1 0, 0.

AN.p42N.A..2.? 1.30E+0? p.44F+00 2.#1E+04 3.50E+01 3.m0F+02 6.27E-06 0. n: 0. D. o.

AN.pAT (..16E+r,5 1.35F•07 1.19E+07 7.32E+06 3.78EAD6 2.?2F+04 1.n5f.Podi 5:85E+02 5.51P000 0. 0.

Pu-pAp Q.15F.n0 lo3E+03 3.11E+01 0.15E+03 3..0E4,03 3.03E+03 1.i9r..03 1.9EA4013 9.221+03 1.55E03 6.20E+02

1,11.2/1 E.78r+nE 40J1.4.n4 1.92E404 2.00E+01 207E44,1 1.9er..01 iosOr.n1 A:N4E.0I 6.s5,.03 O. O.

14.1.240 A.c3r,n3 5.001,4T5 5.40E+05 s.i4Ei05 3.61E005 2.0111,005 3:101+03 2.00,0111 0. 0.

111.?39 1.92F4n; 1.117'.09 1.12E+35 1.15E+05 1.s0E+05 1.15E+05 1..01.05 7:01+01 1.110'4.34 2.18E-01 1.89E-07

111.136 1.1,E+o4 T.73F+06 305E+16 7.33E+05 1.,Ar.o8 103E-0. n. 1: P. O. O.

111-296 P.V'F.01 2.Pufs.ul O. 0. 1. n. n: O. O. 0.

1.0..p37+1,A.21$ A.A2F,I.01 4.19E.OT L.p7E4,05 9.113ET03 6.09E+09 6.96E+03 A.671,Tn3 A:62E+03 S.SRE.OS 5.09UP03

U.210+Tw.p14. $.50FTC1 1.021.n1 1.42E+ci 1.+PE.g1 1.9?e,o, 1.94o,01 1.95E.01
P.+?SaT

U.216 a.vic.01 1.75F+1 1.76E+11 2.28E+01 P..,E.ci 7a1e+01 i:4sr.or 1.6hr.02 1.54E.02 1.52E+02

7.?7F.OP 9.119E.61 9.ATE.n1 9.A8E.61 1.04rAo0 1.52r.o0 P.s1r+n0 A:Anr+00 0.16.+00 9.05E+00 9.05E+00

U-259 A.q07.00 1.1o00p 1.06E+03 1.401+0 1.6AE+01 1.461+n3 1:511+03 1.29AA05 8.32E402 1.20E+02

U.233 P.P5E.011 5.94F-Al R.I1E-ol 9.31E900 2.n4E.001 1.1021.0A A...0E992 1:76E993 2.77E+03 3A2PEA,03 5.11E3.03

u-2112 7.?9E.02 1.5p+04.1 lohE+04 2.37E+02 2.,,5F+00
O. n. D, n. O. O.

PA.P31 0.01g.g1T ?.an..01 2.051•01 2.i7E.01 3.47F.01 ROST•mi 1:74F.000 6.46,+(10 9.60E+00 9.68E+00

1.677.n? sauF.ni 5.4?E901 4.23E+00 1.0E+01 0.72E+01 1.191+02 5:491+02 s.211,+02 5.56E.02 1.85E+02

TH.pp9s, 0A0GHT7O 9 7.19A919 7.PAE911 1.72E9)2 1.09E+00 9..4E9/0 104E+0? 4.42E•mE 4:01E+93 1.43r+n4 3.ésEe0A 3.54E+08

74.120+A 0AU5NT7 2 b q.o5A.qa 9.15E914 1.47E+03 1014E+91 4.74E903 1.601.06 i:A91.09 3.71.-n3 1.97E.02 3015Ee02

AE.?27.07 DAGHT74 S 1.07E`" 1.040 1.10E+00 1.41E+00 1.41E+00 2.27E+00 1.171+60 0:i4s+01 4.15r+01 6.30A01 64,32E•01

TN.p12+p olluOTF99 loPE.0A 3,0okNow A.pnE.om A.snE.o/ 1.n0E.n6 9.63E.Ob 2.72r.05 2:610+01 5.30s.n4 2.02E.09 5.650.03

RA.p26T5 OA0OHTEVI 1.10E-05 9,04F.0p 7.auE+,12 1.91E+00 1.s0E.01 2.19E+02 9.1.510nE 1:07E903 11.7001+0E 3.20E903 9.19E+01

PR.pin+? DAuGHTFo5 7.21,05 5.56E.01 401NE.00 3.92E901 2.92E900 4.71E901 1.611 002 6:A0s.32 loir,m3 1.101401 2.00E02

TOTAL A.127+05 4.61E+07 3.15E+ 7 9.06E+V6 4.A0E+06 4.96E+05 A.261+05 1:111+05 9.361.114 5.46E.04 4.7qe.0g

A. VALUES LESS TBAN 1.01.10 NATE BEEN DES/GNATED AS ZERO,
144.2p9, 7 0A.10NTFRs ARE R1+225. An.225, 1R.221, 0.217, AT.213, 10.209 AND TL.204 TS 9% or TH0220 AND i0.213 1$ gis or T10.228.
7m.2p9. 6 011N,0NTERs ARE RA.2?A, R1.220; R0.216, P8.2I2, SI.2iE AND T0.2011 IS 36E Or fH-2p8 Awn ro.elp is 648 or 710.2281.
AC.2?7, 7 DAIIGHTF22 02E7H.232. 2 mkuomTFRs ARE

THe2P7, RA.223. RA19219,
RA.228 AN0 Aempao,

ro.ats, pp.ait, ;matt AND TL9E0E.
RA.06, 5 DAUGHTERS ARE
f5.210. a DAuGHTfRs ARE

PN.2?2, P0.2$8, 11.214,
51.210 4N0 PD.210,

01.214 AND 1T1.214.

NOT!. IN ACCOUNTING FOR THE ACT/VITY IV THIs HAHNER. ORANCHimo mAy IN TmE ease of +0.10s (360 . P0.214 (688). AND T0409
(9%) . P0e231 (PM PC22 COUNTED A$ A SINGLE DAUGHTER IN !ACM CASE. N/NOR RRiNcNINs (18 MR LESS) WAS ISOREO.



TABLE A.3.7a. Heat Generation Rates, Reprocessing Cycle, Growth Case 3, 2010 Reprocessing Startup, Watts(A)

Fission and Activation Products

YtAR SEOLORTC T7Rp rrEAPssproNo ifiTss

2000 P0s0 p070 SOO '000 9000 InOn0 4nOno 100nOn S00000 1000000
  .... ......  

**Wm
RA07ONUCLIOE9

01.3 n. h.76Esnl 2.19E+01 2.96E.09 D. O. n. n: 0. 0, 0,

C.1. O. 6.PAP 4,0i 6.p604.01 1.414.01 .5.41.10471 9.4411.01 i.oiront i:400,-01 lol6p.n0 O. O.

RN.RA A. toof.no soite.oe o. o. O. M. A. M. D. 0.

REeRS n. p.ASA.01 108E001 O. O. O. n. 0: n. O. O.

66.60 n. 3.10i4.01 2.240.0. O. 0. O. n. 0: 0, O. O.

N700 M. Tow.m 3.120.01 3.31E.o01 lomp., 308E.ni 1.msp.,,1 ,:isr.ril 1.05...m glo6E.01 5.77e.o3

P41.1.3 m. i.90F.Ou 1.120.0a 5.270.02 1.72F.,1 0. n. n: 0. O. O.

IIF•79 n. 107F.01 3.06E•01 R.061•01 R.AE.001 2.41104.01 A.76f•nt 1:40FRft1 1.o6A-0n1 1.410.01 7.220..6A

RR.AS N O. O. O. O. D. n. n: 041 % 0.

118.10 ft, 205F.03 vosSE.03 1.56E.03 2.4st.n3 e.55F.01 p.961..A3 1,:96r.o3 P.SSr.mS P.SSE.OZ 2.330.03

311.011...90 O. 4.060.07 1.0E4,07 1.120+09 Poisr.09 O. n. n: n, n: ID.

20.13 0. 404/ •nt A . 10E401 a .A01•01 u..0F•ni 4.79001 1106,..O1 a:00.0n1 A.RAr.mil 3.810,01 3.02E+01

hip.e71, n. I.P3740P 1.15E4.72 1..2E402 1,ARR.72 I.A1E+62 1.01r.n? i:RAA.nt 1.15r4m2 1.120.02 8.930•01

7C.00 A. 5.57F4,03 5.170,03 5.1 191,03 5.15[4,A3 S.090.O1 A.P01..m3 0:04,o3 1.72.-.67 4.900,02 1.913.02

Roonwro..106 0, 6.237.03 6.42F.m3 0. O. O. n. n: O. N O.

PO.107 n. 2.04E.0n 2.nmE.00 2.00.000 P.,.14...(10 P.040.00 P.nal7•00 p:OF.,n0 P.nre.on0 1.9a.00 1.ASE.00

AG.110M n. I.43Ftno 3.780.09 O. 0. O. M. 1. n. O. O.

C0.113. ft. h.9.F.02 2.5.E.M2 u.071.07 n. O. n, n: n. n. 0.

Os.iPs•TE.123.. n. 1.9gq 4.6a 9.140+11 3. O. 3. A. : M. flo 0.

SN017h.,R•126 n. 10.2!..03 3.P2E•O3 9.01E409 3.79E4.03 1.69f.n3 3.96r.. i:i0A.o3 loti.3 1.200.02 3.750.00

1.129 M. 5.2107" 5.2iO4.00 5471E.00 501F.M(' S.PIE.O'n R,ptr•nn .R.ing.00 5.04.1.A0 5.11E.I.00 5.00F4.00

08.00 11. 206Foom 209E402 O. 0, 0. 6. M. n. 0. 0.

011.13Y, M. 3~001 3.P6E.01 5.260,01 3.6E.01 3.ISE4.01 1.75ront N:i2Psnl 309.+ml 2.400.01 1.69!.001

06.i. .137 M. 4.671'707 2.900.07 2.S0Z+03 2.APE.02 O. n. M: o. O. O.

6E.i40.1161.140 n. 9.76Fo0? 1.780.06 O. o. o. o. el: ,. 0. 0.

PM0147 n. 2.nr,E*011 1.01E+02 O. 0. O. As 0: M. D. O.

30..ISI n. 3.46EAOR 2.9514,07 1.16E404 2.170,01 O. n. 6: 0, O. O.

'ELI.OSZ n. 804E403 206E+03 1.436.07 O. O. n. 6: N O. O.

El1.041 n. 2O2FR06 9OSE+01 2,47E-02 0. O. n. 0: O. O. O.

INOSS n. 1.5SV002 1.681.01 O. 0. 0. ne n: 00 00 O.

OTHER m. 1.M.O2 O. O. O. O. tm. 0: n. O. 6.

TOTAL N 9.030707 5.5SEs07 2.61E+64 9.R3E.P03 9.100+03 4.A7r,o3 iNsp.ps S.671.,63 1..300.00S 3.A7E.02

A. RALUES LESS ?MAR 1.0A.10 RAVE SEEN 00S1G.A7E0 AS ZERO.



TABLE A.3.7b. Heat Generation Rates--Reprocessing Cycle--Growth Case 3 - 2010 Reprocessing Startup, Watts(A)

Actinides

+EAR GEOLOGTC T7Mr r+EA484Frnmn 107S

RADIONUCLIDES 01 2000 POSO 2070 SOO 0 00 5000 100n0 S000 100n0n S00000 1000000
 OOOO '.....  

em.rAs n. 4.00E+03 5.44E+00 3.741+03 6.40E+00 3.43E+04 2.44+4,n0 0:00.001 1.361+n0 O. O.

CR.044 n. 4.44E+04 4.A9E•36 1O3EY01 1.A3E.09 0. n. n: O. O. O.

cogoldio m. 2.13rAnA 100E+04 2o9rA00 4.-14E.ns O. n. n: D. o. o.

em.pop n. togr+os I.TAE+os 2.10.+OA 2.i4A+03 2.62r-n5 o. o: m. o. o.

Am.r43Alar.239 n. 2.12F+OS 2.11E.05 2.041+0S 1.45F+OS 1.36E+OS 4.42A+04 2:10,0+3 2.0..n1 O. O.

AM.A4EN.A.1.262 O. 6.00E03 7.30E+03 1.13E03 1.0E4,02 1.40E+06 n. 6: n. O. O.

AN.141 O. 0./SE.O7 G.ttEooT 1.11E+07 .1.4TE.06 1.26E+04 7.76r.ni p:AAA.(11 1.6Spin0 O. O.

RU.242 O. 1.92E+02 1.0E+02 1.60E+02 1.42E+02 1.61F+0A 1.40one 1:i0r+o2 1.351,412 4.511,01 2.410,01

011+1,41 O. 2052,03 1.062+03 7.36E+00 1.69E+00 6.211+00 1.02E4.06 1:60v.01 1.60P.0 O. O.

0U.240 o. 5.01E+00 6.73E+.04 7.47E+04 7.-11E+n4 4.72E+04 '. A 3 4:47,4.n? 2.77p+00 O. O.

Pu+239 0. 200ER0A 2.31E.04 2.46E+041 2.A7E,04 3.40e+nA 0.49..n. 2;64..06 5061..03 6.95E.02 4.714.06

FU.A311 n. 2.11Evcis 1.06E.A0s 3.80EA04 4..1r,03 Š.Asr.ng m. o: m. 0. 0.

INApon n. 1.26F-01 111,2E+04 O. O. O. n. 1: n. O. O.

Nio•E37AIDA+133 n. 2.40E+01 3.03E03 4.71E+03 4.64E+03 6.46E..01 4.47p.n3 4:09E.03 AoRrYtIG 5.95E,03 G.06F003

LIAGFeyTmeGGAY O.
RAY/34M

108E+01 1.64E01 1.86E+01 104E+01 1.A6FA01 iotRy.D1 i:A6E,01 1.481,001 104E4.01 1.814,01

11+236 n. 1.30E+01 1.30E+01 1.071+01 1.874,11 2.OSE.01 2.92P.0n1 A.A1P+01 5.Ale+01 3.16E+01 3013E+01

U+23S+To..231 n. 904E+01 0.56E+01 9.44E+01 0.,4Ew0l 1.09E+00 1.A6P.n0 2:43E+00 11.21p.00 0.80E+00 o.AorAoo

G.2114 0. 703E4'01 6.RŠETO1 1.73E502 2017E+02 E.09E+02 2.n6F+.2 1:4110+00 1.44,•02 0.00E+01 2.93E+01

LiArAo n. aosE.ol A.é6t.01 baTEAon 1.79r.o1 smor.or A.AAA.AA 1:ior.m3 2066+63 5.242.+03 5•06E+03

U+230 n. 1.10E+On 9A7E+01 1.40-02 lORAE.MA O. M. M. 0. O. D.

n6E31 0. 2.n1EAoi 2.63E.01 a.ŠTA.ol 2.46E-a1 T..AAE.oi A.p9r.nt i:p9F+00 2.66p.n0 3.66E.00 3.64E+00

TH.130 ft. 1.44E+00 1.60E+00 1.42E+00 2..1E+00 9.67E4.00 1.4(0+61 4:44F+01 1.n3R+11 6.26E4,01 38032+01

101,29+4 DAUGHTERS P. 1.66E+03 6.t4E.06 7.46E+01 4.+1E+00 1.66E+02 4.,6w+.2 4:44F013 (.421,n4 3.63E4,04 3.432,04

TH-PISTA DAUGHTERS 0. tbrooto 6.01+00 1.26E-o1 103E.03 2.16E.OS 6.i9F.09 3:90E.04 4.17P.04 4.20E.03 6O6E.03

Ac•pETAT DAUGHTERS n. 7.69E+01 1.16E+00 1.0E+00 1.44E+00 2.18E+00 2.40P+00 4:i1A+00 1:73r..01 2.30E+01 E.06E+01

TH.P32+1 oAuoNTrAs 0. 106E+07 4.00oA06 2.80E.O1 A.,Tr.oT 3.9sr.0b 0.A0F.M6 4:0E.MS 1.17p.04 6.01E-04 1.20oA03

RA+1,26•S DAUGHTERS O. 1.PSE.01 1.46E+01 1.541,00 3.44E+00 3.36A.Ot A.,)0p.nt 1:.9.Ane N.AsnAme A.60.02 1.43E002

Pe.ploAl oAtioNTrAs ft. 1.14E+02 2.30E+02 3.16E.01 6.41E.01 7.E6g.On I.-72l...01 .:.6A.11 1.16s.m2 101:K.02 4oiSE+01

TOTAL O. 3o1E+07 1.03E.001 1.14E+07 S.,OE.Ob 2.Asr.os i.TTr.ms A:Orono 3.m5rsm4 A.6AE,004 4.18E+04

A. yALU26 Luis THAN 1.0E.I0 NAVE nEEN OES/GNATED AS ZERO.
O. 1i+.2E9, 7 DAUGHTERS ARE 148.22S. AC.225; FR.211, 0.217, 81.2i3, 95.209 AND 11.10* TS 9% DP

TH.GES; 6 DiuGHTERs ARE RA.2?4, R14+220; P0.216. +641212, 62+214 AND TL.206 16 36% OP TH.2P6
AD+2E7. 7 DAUGHTERS ARE TH.2?7, RA.223, QN..214, PD.215, PA.eil, 41.211 AND 704107.
140131; 2 DAUGHTERS ARE RA.226 ANn ACApon.
PA.2r6, S DAUGHTERS ARE 4N.2P2, nn.ale: P6+214. CI.214 ANO Fn.214.
P6.210, 2 DAUGHTERS ARE 81.210 AND P0.210.

NoTr. IN ACCOUNTING FOR TNE ACT/TITT IN THIS MANNER, SRANOWIND DECAY IN THE CARE roF Ti.204 . P0.2i2 (64%), AND 11.209
(0) • P0.2%1 (41%) WERF COUNTED AS A SINGLC DAUGHTER IN EACH CASE. MINOR 4R.NONING (1i n0 LESS) wA0 IGNORED.

TmAEGO AND p0A213 13 91% OF 110129.
Amp 0P+012 iS 6411 MF TH.216.



TABLE A.3.8a. Heat Generation Rates--Reprocessing Cycle--Growth Case 4 - 2000 Reprocessing Startup, Watts(A)

Fission and Activation Products

MAJnit
RAOYONUCLIDES

7E01 OEOL007r rEme rYFion ftrvnum 1975i

?On0 POSO s00 Inftft sOnn Innmft sfonn innnnn S0n000 WOW

M.3 P.14F•01 1.113F*0? 11.1?E•ol 5.08h.n9 O. 1. m, n. ft. 0. 0,

Onto i.41F.01 7.73F,.01 7.72E+n1 7.14E+01 0,02F.n1 uahr,11 p.13r.n1 1:.sftftn1 notOft.na n. O.

MEI.44 P.89F.07 si.WsOft 4.63t.07 0• C. n. 6, n, n, n. m.

FE.59 m.b2fr+00 1090+00 "PS"" O. n, n, n. n. n. 0.

CO+E0 0.34E7n2 o.34F+05 11.7uE.ona 0. n. n. n. n. M. M. O.

NIA19 6.04.0? ,00F.mi 0.10E+01 4.n4E7(1. 41.^7F+61 1.03c.nt Noftr.ni ,:ftftrftml 1.73.omt 4.41E.n1 7.13E003

MI+64 p.93F.nt 100.F•na 1.44E+04 6,79tA02 1.A7F+.1 I. m, n, n. n. O.

8E.79 11.25F-(15 1054+ni 3.oSE771 1.ci3t,+01 3.01Firl 3.7ccsOt I.Shi.N1 a.17A4,n1 106ron1 1.9pEft01 51.11F.oil

KRftp, n. n. O. n. n. n. n. ,: n. O. O.

148.10,17 ? 05F-op 30 9F-03 3.1tiE,33 3.1'4.03 3•19F.,)3 3.19F 001 1.19r.n3 I .iiii•" 3•19,"S 3•19E•03 3,19E.03

311s004N00 K.98F.In1 S.RAF4.(0? 3.54E.17 1.62E-.03 7.18F.n3 n, n, n: n. O. O.

MOS R.12E+n3 hOur+ni bouk+,11 6.14E+01 6.14E7n1 6.13F+01 A.iIFNml 4,A1A,m1 5.A7A+MI 4.84E101 3,07E4'01

NE1003M 1.24.02 1.ASETOP I.SSE.M2 10;1E4.02 1..1r,ft? I.AIEmnp I.AleAn, 1;77rftn2 1.73r4n2 1.44E+1)2 1.14E,Op

Tc.49 0.98P-03 6.79F 4.0! 1..79E 4,05 6.79E+03 ..77r.r;3 h.64F.n1 ...c7r.nt c2iftr.n1 ft.ftAr+mj 1.31E4.03 2.5IF.00?
3>

RU.106,001.106 1.0E-OS 5.59F4.04A 5.75E.02 O. n, n, n. n: n. 0. 0, CM

P0+107 ?.00E.06 1.96F+On 2.one•0O 206EftOn P.06F.nJ p.cimrann 2.ftftrftnn ,:ft‘g.m0 P.03rtn0 2,9?EA00 2.0W.I.n0 
-P

Ao.1i0s n. 2.14c+c1 4.44E.08 O. 6. n, n. n: P. O. O.

COAlISM S.E15S-01 101.4E+01 5.SP.S+12 1.n4E,.06 n. n. n. n: n. 0. O.

68.124+7E.124+ +.20E-0? 7.48FrM4 4.71E.o2 O. 1, n, n. n: 0. n. O.

8N026Ap8.1?6 1.A0A.03 5oAFA0A 5.1*FAn4 5,37EAn3 5orsEAr3 C.P0E4,11 r.m3r,m1 3:orftn1 poftr.n3 i.Scaftne 5.W.00

1.1p9 4.47E+o3 7.n4Eo00 7.nSE+n0 7.n4E+On 7.n4F+!,0 7.n+E+00 7.nar.n0 7:ii3F+nn 7.ft2r.n0 6.9nE,n0 6.761+00

C8.04 11.02F.02 I.P6F+06 1.'14E4,0; 0. n. n, n, n: m. O. O.

08035 ,00"05 4,74F4.01 4.7SE.01 404E+01 404F,0I 11.71F..01 4.73rftm1 a:ftAgonl a.63c.on1 4.22EA01 3.76F.01

C5013741,6A137 A.ATE•Oi 7.10F•07 11.47E407 T.A0E4.03 1...9E+n2 1, n, n: n. 0. O.

CE0041+141.144 :3.26E.0+ 7.74E+03 1.42E.ou 0, n, n, n, n: n. 1. O.

Pm.017 0.89++01 +.7?F+0,4 11.'10+,12 O. n, J. m. n. 0. 0, 0.

SMOSt 4.54m01 a.t3f.nS u.p0F+15 1.405E+04. 30(4.02 n. n, n: ft. I. O.

EU0S? 9.00Fft0P p.06F+00 0.44F+13 401E-07 O. 1, n, n: m. 0. O.

Eu.iSa P.82F+00 4.411E+nb 1.45E+16 u.31E-02 n, n, h. n: 0. 0, O.

Eu.iSs 7.11 1E.n5 2004.n3 1.i3Es;0 0. 0. n. "? n: n. n, 0.

OTHER ft. 106F...01 O. O. O. 1. n, n: n. n, 0,

TOTAL 1,12A+03 I.37F+08 6.,11E+n7 4.53E+04 t.a9F+14 I.P3rftr,t1 lonft.nu e:41Fftn3 700c.on3 1.7?E+03 4.56F402

A. VALUFS LESS TwAm 1,01-In woF sEEN DESIGNATED All EE4U.



TABLE A.3.8b. Heat Generation Rates--Reprocessing Cycle--Growth Case 4 - 2000 Reprocessing Startup, Watts(A)

Actinides

YEAR r.EnLnsTc TTMF VIFOO9 9FYI,W1 ,975A

. . 

RADIONUCLIDES (R 1 201'10
..........-..

POSO 0070 500 1000 5000 Innon 9,05.'0 In0non SO0000 IOnnnOn

Cm.pAD F.02F.041 i.A9E•nA 1.A9E.144 1040.n. 1.,5F.nA 105E+04 A.,AF.O3 ?:ARr+n2 A.3Ar.on0 0. O.

CM.A44 P.36FT00 3.P3F•07 1050E+01 2.0E+00 1.FAF..08 0. n. 0. O. O.

CM.F43 1.26E+1'12 li.h0E+00 2.69E+0A 4.52E.00 R.64E.n5 n, n, rt: n. n. O.

C4wp42 7.79F=02 0.07F.05 3.12E+15 5.43E+04 s.obE.ns 7.1AF• no n: n. n. 0.

AR.P43TpP.2E9 R0A6E.n? AIORE+ns A.0E+05 A.79E+05 A.R8E+IS 3.19E.1.011 P.(13r.o5 liani.I.13 S.A2F.F11 O. O.

AmAp4ER.A04.28? P.77E.01 P.1SF*DA 1.691.TS4 30.2E+03 3.0E+12 3.R1A-06 Ms n: f'. n. O.

Am.pst P.43E.n1 2.03R•O7 1.00E+07 1.AAE+07 4.A4F+012 .. 17F.00A A.79F+03 1:060+02 A.A2F+00 O. O.

RU.PA2 6.06F.0e 3o3E+0P 3.15E402 3..0E+02 3.40E.o2 T.AAEnop ...Sr..? T.TDAAM2 A.M1r+T.2 1.45E4,02 5.A0F+01

Ru.pai A.02F.000 7.TIF.03 2.03E+03 2.42E4.01 2.'0E+11 1.66E+01 los9r.n1 S.A1F.M1 A.75...13 0. O.

No/ID 9.79F.01 i.A9E+05 1.49E+05 2.16E4.05 2..5E+o5 tOJAFGel, .1.16r.na i:ISA.1+3 Ao1le.n0 0, O.

PU.R39 PIROF.TOt 3.74FFOF 3.7bE4.014 8.14E4.04 ii.o.FF.141 1.50E.0.00 n.N0r.onti s:›pro.n4 loir.ona 1.52E+01 1.03E+07

RU+P311 1.06F,02 6.111E+0S 6.13E+05 1.10E+05 106E408 1 oSSE..^11 n. n: (I, m. O.

Pu-P36 N.sivons 9.49F.0i 7.12F.03 O. n. O. n. n: n o D o O.

Po0.037•11A.233 P.I9E+03 5.PSE+01 5.37E•03 6.97E+03 A.16E+03 907E4411 40.140,,61 6:60r*D3 A.A5A+63 704E0,3 6.41E+03

U.I11116TO-e34+ P.17F°02 P.93A•01 2.53E+01 2.536+01 2013E+01 P.53Yon1 a.g3"," ,:or." p.gs,ont p.63E+01 207E+01
RAA23Am

U.2711 A.6IE.03 2.P0F+01 2.E11•01 2.41A•01 2.49F.n1 A.3AF4.01 F.TAFAni F:i1F.n1 T.TAr+nl 1.65E.01 7oSRE.01

U.RNSATH.E31 1.10F.011 1.psE+00 1.p5E+00 1.27E4,00 1.o9F.00 1.SIE•00 1.R9F,Ann A:iRE.70 4.n6von0 6016E+00 6.0E+00

U.PRA 11.37E+02 1.26E+0? 100E+02 4.28E+02 5.,3E+O2 5.2AE,00A s.p1E•n2 A:ARr.np A o i0E+n2 1.69E402 5.66E+01

11.2!7 a.;ost-rié a.AAF•si 6.1 4E...01 l.02E•01 2.0,AE•nl 1 .611E•np .A.ARY•n2 I :A.ur.AnS 2.415r•n3 4.66E4413 b.+Sf+03

U.2,2 A.s7F.04 p o63E+00 2.p0E•00 6.62E-02 3004.04 n o n. n: n. O. O.

PA.p31 R.A3F.O7 1.32E.01 3.12E.01 3.40E.01 3.FIF.01 6.43E.111 R.A3rA61 6,A1F..00 4.44rion 6.93E+00 6.92E+00

TH.430 I.S9E.06 1.nSETon 1.10E+00 2o11E+00 400E+00 2.18F4.01 4.9r.ni 1:52E+n? 7.001.92 I.96E.02 6.60E+01

TH+729H DAUGHTERS P.64.10 4.73F*03 1.34[T02 1.27E.00 7.A8F,10 P.PAF+OF A.34F+02 o:nAr.,03 1.A6F+n4 A.75E4.0A 4.61Eon4

THRR8ATE DAUGHTERS 5.72E.DA t.R4E.01 1.46E+01 2.92E-01 2.14E.o3 A.TAEnOS i.n7F.nA 4 ....nr.nA t.A2F.O3 7.3SE-03 1.07E.02

ALAMO DAUGHTERS R.DEF.OR t.I6E+00 1.0E4,00 R.E1S,000 200E+00 2.90F.00 ....,F.n i...AF.111 1.171,..n1 A.51E+01 4.52E.01

TH.p31,0, DAUGHTERS o. R.TOE.OA A.52E.08 A.S3R-01 1.01E.nb A.TTE-OA 1.m2E.nS 6:41rwn5 P.T,AVAMA 1.05E-03 209E-03

RA.p26.0s DAUGHTERS A.b3E.08 9.77F°0? 105nEADI 1.40E+00 4.47F+SO 7.23E+01 1.ARE+6? 0:31F.ne 1.A4c,n3 1.1,E.03 3.143E+02

RB•piwop DAUGHTERS 1.66E-09 9.50E-01 1.A0S-02 2.87E•01 i.n6E.,n0 1.55E+01 dolAson1 2:0E.0n2 S.R0r,An2 P.37E.002 8.P3E.01

TOTAL p.0IE+n? 5.A5E+07 3.66E+07 1.13E+01 5.03E+16 5.7SE.onS a.n6ron5 A:iSrAmA a.6,5,..n4 6.41E+0A 6.A1F.004

A. VALUCA LEAS THAN 1.0E.10 HAVE REEN OES0GNATED AS ZERO,
S. TH.2211, 7 DAUGHTERS ARE RA.2PS, AC.223, FR.221, AT.211, R/w2i3, R8.219 AO To.?00 TS Os nF Tw.FEA ANn .0.213 /8 9Is IF T11•229.

1,04.2211, 6 DAUGHTERS ARF RA.22A, P4.22% Pow216o ES.212, RIs2i? Ak0 it...20A IS 10 Dr TH.PAA Am0 PnwpIA Ts sus nE Tm.E2s.
$0.227, 7 DAUGHTERS ARE TH.2p7 o RA.225, RN.2190 E0.21S, F5.211, FI.211 TLAPD+,
TH.232. 2 DAuGHTERS ARE R4.22S AND Ac.22s.

PA•2p6, 5 DAUGHTERS ARE 94.2?2, P0.21A, F8.21A, 81.21A Alin Pnw2lq,
PSARIO, 2 DAuGHTFRs ARE R1.210 AND RD.,210.

NOTE. IN ACCOuNTING FoR THE AtT/vITT IN THIS NANNER. SNANcHiNn nEcAT IN THE CASF nF 01.20. OAF) • F0.212 (AAA), AND 70.209
(91) . 60.231 19111 WERE COUNTED AB A SINGLE nAuGHTER /, EACH CASE. MT,Ing ORANCHTAII (14 nR LFSs) wAS IGNORED.



TABLE A.3.9a. Heat Generation Rates--Reprocessing Cycle--Growth Case 5 - 2000 Reprocessing Startup, Watts(A)

Fission and Activation Products

vFAH r:F0L017c Tr! !YAA;AAryn,n 1 475

2C'00 2O50 SOO inOn 900,, Innnn snOnn InOnOr 500000 1000000
. . ..   - ......  

MAJnP
RADIONUCLIDES

H..3

c.iii

P.IPE-ni

i.AIF.ni

2.16F+0?

1„o5Ft02

b.q4k1.11

1.14F+02

R.PIt'09

Q.43L+01

°..

....9F.,1

n.

5.76F.01

n.

1.15r.nt

1:

o.cnF.n1

0.

q.o7n.n4

n,

O.

O.

O.

MNe‘il P.ARPHoT i,qt,r+ni 8.7 4E.7.7 n. r, 1. n, n: n. 1, O.

FE.55 A.A22+00 2.97F+01 1.0F.,2 0, r, 1. n. n. 1. O.

CD+0.0 0.55F•n2 1.671-41,, 1.,1E•n5 1. n. n. n. 1: n. r. 0.

A1/..R9

NP43

t.00F.1?

p.93,+rl

s.g3v.01

?.A!F+04

::::: s.slt.oi

4012E.ii2

5.10F•I'l

P.IAF.n$

S.A0F.:.1

n.

s.nAr+ni

en,

.:.0c.n!

n:

2.13...1,0

n.

7.2SE.01

0.

9.6IE-03

0.

8E.79 1.25F-1S 5.15F$01 5.15E.11 5.52E+n1 5..0F+nl 5.070...01 D.olG.n1 1:1up.ni i.o4f1n1 2.b0E.01 1.2bE..03

KR+AS n. n. 0. O. O. 1. r. 1: n. O. O.

AS•ST A.75F..n0 A . ;OA +OA 4.A 1F-^5 4.A0t-03 A.A0E-,3 u.20r.0F 0.10r-0 4 0:1nA.03 000A-03 4.11E+03 4.30E+03

SR+00+T.90 H.98FAnt A.h?IonT S.ATI•1T 2.3TE.n3 I.n5E+n2 n. n, a, r. n. O.

4.I2FAn3 4.11A+01 5.4 1E•11 t..30E.,,n 1 F,v0F.rt ,4 .0R.71 R.20F..n1 .:11F•nl +.oSA.Aml A.SRE+MI 5.23E+11

.. I.2AE-n? I.RIATOA 2.A60.12 A.ASE+n2 7.04-.An2 P.A9A+c,2 ;.IPA.n? p:40A+n2 A.3itAln2 1.95E+02 1.44E+02

TCH09 0.c.So..03 94,2PF+0A A.A2F+13 P.,AIE+03 P.A0A+n3 4.1mr.11 A.n3rAm3 /:i4Pr4. 4,0,4rrni 1.77E+03 3.41F4.0?
›.

PU.i0641;14.1.106 1.65F,.. 1.07F+Wi 1.10F...01 04 n. 1, n. n: n. O. O. CN

PD..10, 2.00F.06 0.11F+00 4.10E+10 4.10LA00 0.inA.n0 A.I0E.Ann m.ins.onn u:nAr+nn A.n6A+n0 1.500E+00 302E+00
CI

AG.,105 n. 0.2OF 4.01 F..AE.18 .,,, 0. n, n. n. O. O.

C0.1134 1.0A..01 A.AREAII 8.A7E+n2 1.0t-O6 n, n, n. n, n. n. O.

SSHIMATE.12Sm S.20Fmn2 I. E1A+nS F.FFF.12 n.

r,.

n. 0. n. n. O. O.

3.0.126+FSm12b loinF.o3 7.42E+05 7.41E+13 7.19kA05 7.,7A,n; 7.17FA01 m.m2r.An1 5:050,n3 1.71A+n3 2.33E+02 749E+00

Imtp9 a . 97F.03 04 +2F +0.0 9.42E+DU 9.62E.C.0 9.42E 4,00 0.62F.00 ...APc.0n 0:AOAAnn P.AAv+n0 9.43E400 A.P4E+00

C80.34 1.02A.02 p.17r,on6 2.75A+n; 0. 0. n, n. n: m. O. O.

C6.035 p.70E.0A N.52F*01 6.92E+11 b.NIE.01 ...„1.F.,,) A.4ir.01 .,.AnA.01 A:Au..ni 4.570"nt 5.g1 E,n1 507""

C8037.,A.137 A.A7E+01 1.05F+0A 6.54E+17 5.5AA,03 5.02F-12 n. n, n: m. n. O.

CE.010.AR.I4A 3.?6E.08 I.A4A+ou 2.43E.04 O. o. n. n. 1: n. O. O.

PM-017

am.151

0.89F-03

B.54E*r1

i.57F•05

h.121,•05

7.°5F+12

5.91F+05

1.

2.30+04

0,

0.15F+,2

n•

1,

n.

1.

n.

1:

in,

n.

n.

0.

O.

O.

EU•1S2 104.02 3.15F•04. 1.0#,E*10 7.00E,07 n. 0. n. 1. n. n. O.

E11-154 2012F+110 4.4iF 4.04 2.CieE.0b 6.70.02 0. 0. n. 0. 0, 0, O.

Eu+1S5 P.AIF+OS A.P3E+04 2.15E+10 O. n. 1, n. n. r. 0, 0.

OTHFR n. 2.00f.(11 1.asE10 O. n. n. n. n. r, O. O.

TOTAL 1.12A.nA 203F+Ot. 1.?2F+.0A u.9Ac+0A 1.76F...04 I.A0F.00 1.00,0 1:tgr.n0 1.nAvin4 2.3..E.03 6.A0F+62

A. VALurs LESS 1,40) 1.4.1n w A UF REFN OE916NATE0 Ot 7E40.



TABLE A.3.9b. Heat Generation Rates--Reprocessing Cycle--Growth Case 5 - 2000 Reprocessing Startup, Watts(A)

Actinides

gEoLOorn Tvite r+F.6.44 04E7n9n 1975i7.6.

RAD7ONUcLIDE3 (R) 2000 PoIC 2070 500 loon Sono 1nOnn SnOnn lonAOn snnonn 1000n00
. ...  . . : ... .- .....---

CH-RAS E“I?E-nit A.nnAT0A 3...o.4 201E4q,4 R.7.F.nu 1.Q9F.OU 1.‘1CaPil (1:c6P4,(1? 1..101p4,0 (1. n.

Gm.?As PO6E400 9.55E.o7 2.5HA.,T 0.56/E4 P.RnP.,S ^. n. 1. r,. Î. o,

CH-743 1.26A•n2 1.PoE+n4 A.NTE+nA 7.n7L+0o 1.r.0F.ou 1. n. 1. n. n. O.

Cm..pAE p.70F.02 6.uSF+0S 5.00E.15 9.2EF•nu 4.0F.,13 1.1.6-ou n. n: n. n. O.

A44-245+0.239 P.E6F..O? +.72...o5 7.71FfIS 7.R3E.05 7..0F4n5 (1.041 11.114,1,15 .:17[4,(13 0,02r4,11 O. 0,

AM.p42M.i.AM.24? 
?.77F.0,‘ 3. A„. 4,,, 3. , 7E+0, ,97E.p0A 5.n5F.,2 6 . 17F.104 n, n: n. O. O.

Am-pal P.A3E+01 2.791.507 2.74E407 1014E4'0 7 6.07E4'16 9.P8F.NA 1.1Or.00(1 0..6F+0? 7(113s1(10 0, O.

PW•2A2 e.ORF..n2 6.716602 6..1E+12 1.12t+j2 7.R0F+,2 7.16F+O. 7.10."+"2 5:51r.n2 1.16E+02

PU.,A1 41.02E+00 i.634.04 A .0A4,13 3 . 6304.D1 3.6,8F+,1 2 .63p+" 1 i .73r.n1 0.:n.r.."1

::::::::9nE,n2

O.

P11.240 3.73.+01 20.0.05 2.94E+05 3..50+05 3.79E., ?.19E.nS 100A.nS p:iAA.n3 losc.nl O. n.

PU.734 2.60E+01 5.60E+041 5.01'4.'4 6.21E+04 7,01F+Iii 1.1.F+05 1...3c6n45 14.,15.+n4 P.nPF.onA R.35E.91 1.59E.07

PU.73P 1.04.402 107P+Ir. 4.41F+05 1.74E+05 ?„,tE...). ,./.t,..04 n. n. P. n. 0„

1,11•736 A.41F..03 2.R2E+03 2.1AE+01 O. n, n, n. n: n. 0. O.

Np.p37ASA.233 p.04.01 hotRA.Ott 6.10EsI3 8.04.03 1.INSEsn4. 1.19WR ...PverA 1:1 1c.n. 1.152.64 1.01E+02 3.58E+05

U.2118.00.234o 7.17F.0? ...AF.ol 3...Eall 6.66E+01 104(40) 6.a.F.Of 1.4424n1 1:012.n1 S.R.A...nt 1.45E+01 3.45E+01
Fp.2545

U.218 6.61(.01 2.76E+01 2.75F+01 1.07E+01 3.c2E.01 6.22E+01 R.A0s.n1 1:i6c.r2 1.162.n2 1.19E.002 1o3E#02

U-ERS,TH-EGI ,.101,...o4 1..44F+4., 1.440.no 1.67E+00 1.,0F.r0 2o3E4.00 7.A20,00 i:n7F.00 0.05.+00 0.66E+00 9.48E+00

U.,34 4.3.4.0? 1 .0.0E5u2 2.10E+02 6.55E+02 707F*,,2 E.o6E4OP 7..5.....? 7,,3.....2 .,1 7..12 2.22E.07 7.00E+01

U.233 44.04..06 s.ssE.01 1.09E500 1.27E+01 3.15E+01 a.17F.D7 4..1..02 2:ii..03 1..4..03 ..312E.03 6..4E+15

U.232 c.o./F.0u 600E+0? 6.61E+02 1.33E+01 1..8E.01 n, n, n: n. n. 0.

Ps.pst 7.43E.07 41.1 4P-01 4.10.01 4.25t-01 4.00E.o1 5.44E-ri 7.40r.ms 1:44F•n0 7.172...0 1.04E.00i 1.03P+DI

TH.210 1.86E.n6 1.3?,-.O0 1.35E.on0 2.61E+00 e..0F4.00 3.P5E.4.01 4..2r.nl p.40p.n2 1000.02 2.93E+02 9.93E+01

TH.724+i DAUGHTERS p.44-10 4.41E-03 1.silE-s2 1.57E.000 9.i7E.00 2.66F+O7 1.06.4,1 1:;(4.04 7.41,4.14 6.17E.04 S.cmou

TH.P26+4 DAUGHTERS 5.12(.04 4.17E501 4.44E+03 4.79E.01 7.13E.11 4.1fi4-D5 1.42r.04 ...3F.mA 2.01F.03 1.06E-02 2.07F-02

AC.227+7 DAUGHTERS 5.22E.D9 1.37E+00 2.00E+00 2.76E+00 2..6E+00 500E+00 ..o7F+00 2;17F+01 4.49.501 6.77E+01 8.76E+01

TH..5E+p OAUGHTERS n. ,..3E.o. 5..0E-06 5.09E...07 1.a3E.06 A.S0E-n3 m.,;...n. ,..6.-na 2..7...n4 1.49E..03 207E-03

R..726.05 DAUGHTERS 6.44-08 j.12F-l1 f.Tik-DI 1.78E500 6.,AF.0n l.n1F.n2 2.4124,12 1:1Afon1 2.2A2.0n3 1.65E+07 5.5RA,O7

P8.210.1 DAUGHTERS 1.66E-0,3 1.05E.OP 2.07E-12 3.62E...01 1.43E+00 2.70E+01 c....R.rni 1:;Ar,n7 4..1.4.n2 1.56E4.02 1.70E+02

TOTAL 2.01E+02 6.64E+07 5.60E+07 1.58E+07 T,As(Glp ..04E+n‘ ,..0...h6 1:,1.,,,n5 e.ei3p5,44 SOTS.nA 7.A3E.011

A. VALUES LESS THAN 1.0E-10 wAvf REEN DEiTGNATED 46 ZERO,
B. TH.2e1, 7 DAUGHTFRS ARE RA.225, A0.225, FR.221, 0.217. ./.213. 215.20R ANn ft..20.1 TS 9% rip f..720 ANn .0.213 IS 918 OF TH.229,

TH.2.6, 6 0AuGHTER5 IRE RA.2?6, RP..220, FU.216, 08.212, PT-212 AHD ft..20. /S RAS OF rw.p.. AND Rn.212 .S 64S OF T14.228.
ACH227, 7 DAUGHTERS ARF TH.227. .A.222. RN.219.
TH.232, 2 DAUGHTERS ARE RA.22. ANn AC-2P/4.

P0.215, F3-211, 61.211 A'.0

PA.2E6, 5 0AuGHTERG ARE RN.2P2, Ro.219. Rd.2I4,
P8.210, 2 DAuGHTER6 ARE R1.210 4N0 Pp.p10,

51.214 AN,1 Fm.214,

NOTE. IN ACCOuNTING FOR TIHF ACTIfIff IN THIS MANNER, SRANrHINR ['EGAN IN THF CoSF nF .201 (34%) P0.212 (AAR), ANo TL.209
- RO-211 (sITI .ERE CONNTED 48 A SINGLE 1AUGHTFH E4TH cAsE. Hlvir PRivr.7N; rin nR (F58) wE9 IONDPEO.
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A.4 HAZARD INDEX TABLES 

The tables of hazard indices (A.4.1a through A.4.9b) appear in the same format as those

for the radioactivity inventory (A.2) and heat generation rates (A.3).

The hazard index employed here is the amount of water (m3) required to dilute the

quantity of a radionuclide present in one metric ton of spent fuel (MTHM) to drinking water

standards. Following the summation at the bottom of each table, a uranium ore index is also

shown. This is the ratio of the hazard index for the spent fuel to the hazard index (8.7

x 107 m3) for the quantity of 0.2% U308 uranium ore required to produce one metric

ton of 3% 235U fuel (see Section 3.4 for further discussion of these indices).

The total index for the fission products and activation products must be added to the

total index for the actinides to obtain the total spent fuel index.
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TABLE A.4.1a. Hazard Index--Once-Through Cycle--Growth Case 1, m3 water/MTHM(A)

Fission and Activation Products

04.1pR
TEAR GEOLOGIC TyR! /YEA'S,RETONO 0755.

RAD,OmUcLIOES 240 P010 1010 SOO 1000 S000 1a0n0. Sa000 100,00 500000 1000000

063 0. o. 6.0t.02 7.70(.011 0. 0. n. C. O. O. O.

C..t. N 0. 1.0E,002 1.2SET,02 6.AsTon2 NUE4.02 7.11Tonl i:001,000 4030.113 O. O.

094..FA O. O. O. O. O. O. n. n: O. O. O.

FuoIS n. O. 0.13E.04 O. O. 0: n. 0: M. d. O.

C0.60 el. O. T.03.02 0. 0. O. n. 0: O. O. O.

R!..s, 0. O. 1:t6E•OA 1.10E,0R 1.iSE,00 1.11ST,04 1.061,*0 1:OFT03 NIIIIT+03 1.35E01 201[4.00

NI..AS Ø. O. 11:0S,006 2.0AE.OS 6.Atr.03 S.61E.10 o. n: O. O. O.

SE.49 P. O. 11.7444341 NTOETOR a.ASE•041 11.29S•041 ii.Aep•na 8:11T•04 3.01,•04 N144.011 8.06l.00

Klb.” 0, O. O. O. O. O. 5. 0: O. O. O.

Pew O. O. 1.111.01 1.11E•01 1.11E001 1.31(.01 f.TIF•01 1:01T.01 1.311.411 1.31E•01 1.311.01

$0•00.y.90 O. o. 1.07E+10 S.00E.03 1.73E.00 O. 0. 0: O. O. 0.

ZINA3 ft. O. 1.0E4.03 140E4.03 1.0E+1,3 1.514.01 ioillrAnS i:i3e..03 1.0frol3 1.14[03 0.01!.001

NgAssm n. 0. 3.t0E,03 3.13E4,03 3.33(.01 3.10e#03 1.ilp.si 1:Abg,e3 2.4094.01 1.401.003 1.97O.00/

10.19 ft. o. 3.PIRToR 3.22Eoodi 300(.04 3.111.0A T.i/r•nA i:50,..001 0.31,4,00 6.101.03 1.191.07

411.106.014.106 a, O. O. O. 0. O. 5. 0: O. O. O.

Po•iol N o. 2.IM.041 2.10E.OR 2.15uTo4 1.3SaA00 A.alT,n0 t:106,n4 0.33.2.00A 2.10!•00 8.13[904

R0T3109 ft. O. O. O. o. O. n. 0: O. O. O.

CD•1130 O. n. 1.07E4,05 3.72E.04 0. O. Õ. 0: O. O. 0,

0504g,i1.12$14 O. O. 1.111.02 o. O. O. 5. 0: O. O. O.

R9Tiz6TORTI26 M. go 3:01+011 3.ASEs05 3.112!”! 3.33E.0, 1.AlToos i,:illton, 1.71ainS 1.00(.04 3.38E501

1.1p9 n. O. 0.00EAO0 A.00g.05 A.noEAnS #1.004.00 A.00F•aa A:17.0T.00 4.080.05 4.0160s 3.9111.05

CO.330 A. 0. 3.07aT01 0. O. O. n. n: O. 0. O.

CS..33S 0: O. 1.0E+03 1.0E4.03 1.0E+03 10111!•03 i.91T.on3 i:90F.,03 1.011r003 1.11E03 1.SIE.TO3

C0.131TIR0137 n. n. 11.06E+011 3.62ETOR S..11.01 O. o. 0: O. O. O.

CE.i .100 n. 5. 6. O. O. O. a. o: O. O. O.

110.317 ft. n. S.t6E.,02 O. O. O. n. 0: O. O. O.

Sio.iSI O. o. 1.1SET141 A.sSETOR 0.40(.411 O. n. o: n. O. O.

10.392 ft. 0. 7.091.01 11.119E.06 O. O. O.
-.
0. a. O. O.

KU•iSA 0. O. 3.111E+06 1.02(T02 O. o. 0. 8: O. O. 0.

EL0400 N 0. 1.00(T0é O. O. 0. n. o: o. 0. O.

OTHro n. o. 0. O. 0 O. 0. 6: O. O. O.

TOTAL ft. n. 1.111uTt0 2.531.00 Npoe#05 losuppo A.Air.nS 1:04.005 6.4OTTftO 9.911O+09 1401909

URANIUM ORE ImOEM N 4. 1.0E4.02 2.4GET02 I.06ETO2 I.03ET02 i.MIPTOR 11:03eT03 7.0$0,9113 9.13gT03 9013W:13

A. WALWIR LESS TMAN 1.0(.10 MAVF SEEN OEGIGNATE0 AS WU.
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TABLE A.4.1b. Hazard Index--Once-Through Cycle--Growth Case 1, m3 
water/MTHM(A)

Actinides

TEAR GEOLOOTC 7701, f+EAresSEynNO 19+53

RAO7ONUELIDES (s) 20n0 POO FOTO 500 1000 SOW) 1.,0O0 o snOn0 100.300 S00000 1000000

omArAS n. n. 2.pAE.04 2.18E+04 2.n9E4n4 i.soF.ou 8.411F4n3 1:i3F4.02 S.14.1iM0 O. 0.

OM.p4A n. o. 2.93E+06 5.1.8E+01 2.50E-O9 O. n. o: O. 0. O.

ON.P43 rt. O. o.24E+00 1,.3E.n4 1. 6. n: O. O. O.

c140.42 n. O. 1.12E+05 2.115E.04 2.01E4n3 3.48e.os n. n: n. o. 0.

Am.695+NS.239 n, n. 2.n2E+06 1.45E•Ok 1.Aértn6 1.302.04 k.aArkm$ Pobvon2 N

Am.p42s+Am.29/ n• Ö. 1;0E+06 t.e1E+05 10.SE.mA 2.212k0A m. 6: o. o.

Am.p41 o. 0. 6.11E+OS 3.33E+011 1.40E.04 2:65E.05 A0341.(13 3:i0o.02 S.01,4,110 D. 0.

EU.242 n: O. 2.00C.OS 1.01.,0s tomE.Hs 1.9SE.OS j.qbr.ns i:42E.005 1.66w.n6 8.00e#08 3.21E+04

EU.1141 n; O. S.A2E+06 4.37E4,02 4.0E+02 3.00E+02 1.47E•n2 6:ASE+00

Su+240 n. n. 7.92E+07 7.02E+07 6.A7E.n7 6.43E+07 4.45,..n7 4i4E.05 2.60von3 0. O.

PUrE3A n. O. S.A3E+07 S.ETE•07 5.+0/..n7 A.74E.07 6.127+n7 1:93E+07 3.22,4.88 3.74E.o01 2.53v.05

PUrE3A ft. 1.271.011 S.57E+06 1.96E.005 3.9+E.06 n. n: n. 0. 0.

PUrpsé n. O. 3.1.0E.OS 0. n. O. n. n: 0, 0. 0.

NE.237•EAt223 n. o. 9.60E+04 j.7Ac+cs 2.90E,05 2.72E+05 4.72r+nS PAP,405 p.64.+nS 2.32E+O5 1.97E,TO5

u+234.TH+234. n.
rar23AN

Oe 2.16E+04 2.3ta.clA 2.94E+n4 2.3SE.OA 2.115r014 r:tkrang 2.341+04 2.38E4.04 2.38E+04

Ur2Xt. n, O. 5.60E+13 é.03e.03 6.,nE.002 1.252,03 mol9ik13 A:11E4.03 9.34+03 9.21E+03 9.08E+03

Uk2ES.Tor231 n. n. p.pSE+02 5.29E+o: A.94E+02 A.72E+02 A.i2EknE i:Tnrkl% 1.174+1,3 1.19E+03 1.19g.,03

Ur2E4 n. O. 3.s2E+DR A.so.oH A.ASE+Ok 4.SAE.044 k.r0r+mA 4:I3Ek04 3.73R+oR 1.93E+04 1.27E+04

Ur2Y3 0. O. 4.0E+00 p.,AE.01 5.05E.Op i.nSr+n3 S:07.n3 Ro9r.03 2.04E+04 2.03up.04

Ur2E2 n. n. 1.44E+03 3.30E+01 2.A71.01 O. n. 8: n. O. O.

PAr1031 D. n. 4.14E+01 E.A0E.oe 5.i8ut02 2.44E+03 4.109+03 1:q2E+04 2.13..04 3.43E+04 3.4324.011

TH.430 n. o. A.H9r+oa 2.bca.03 S.A2E+03 2.47E+04 1.63r.n4 S:i9E.005 3.ESPAMS 309E.005 2.011E.05

TH.pen+f n4uONTE411 n. O. 7.ASE.D1 1.73E+01 6 A.4p.01 poliE•Os 1.n9r.n4 2.000nS 600E.009 6.12Er05

TNkt,28•6 DAUSHTERS n. O. 3.52E+03 707E+01 S.AOF•ni 3.37E•02 7•101,002 9.121..n1 A.72E4.00 9.41E.00

A00.271.7 DAUGNTERS n. O. S.p2E+01 A.EvE.01 9.ASE+12 4.45E.03 s.Asp+n3 6:A99.09 3.0711+041 11.13E•04 6.12E.04

THrE32+2 DAUGHTERS O. O. 2.0oE+02 1,39c.os 2.4SE.01 104E4,00 1.967.n0 E.T6E.01 4.50E+m1 2.30E+02 4.19E+02

RA.EEA.E nAumerEAA H. n. 5:0E,002 1.62E•04 6.66F4,04 104E•04 7.95+.416 1:45E+07 2.41F+0 2.211E+07 1.39E+07

E8.210.2 DAUSNTERS n. O. 9:44E+01 5.59E+03 2.94E.n4 9.69E•OS i.00E.66 5:;Ar+n6 6.E0R+n4 7OGE.04 40Ef+06

TOTAL M. M. B.R4E+08 4.67E+OS 2.i3E+06 9.94E+07 +.12E4.67 9:i4E+07 3.671+67 3.21e4,07 1o8t.007

URANIO ORE INDEX n. O. 1.n3E401 S.37E+00 3.13E+00 1.10E+00 4.61P+61 4:0E.01 sa2rt-01 3.69e.ot Ea8E.01

A. vALOES LESS THAN 1,0E00 HOF SEEN DESIGNATED AS ZERO.
S. 7H.2/9, 7 DAUGHTERS ARF 174.225, AC.225; IR.221, 0.217, sI.2i3, sS.209 ANO TL.S09 TS 4% DE Tw.224 ANO 0.413 rs olc OF TH.E21.

714.2/A t 6 DAUGHTERS ARE Rcap4, PH.220; Po.al6, 98.212, II.2i2 AND Ti..204 /S 34% Or THk22k ANO r11•212 tS 6A% o4 TH+1111.

AC.2/7, 7 DAUGHTERS ARE TH.2P7, RA.221; IN./19, roam .E.ETI, HI.Ets ANO TL.p07,
TH.212, 2 DMA/MITERS A4F RA.2PS AND AC.1211.
RA.06, S PAuGHTFR5 ARE R4.2/2, P0-21.4; Pe-ala, 5/.414 ANO RO.214.
P8+210, 2 DAUGHTERS ARE 21.210 AND E0r,10.

NOTE. IN AECOUNTINO FPR TMF ACTIVITY IN ?MIS MANNER, ORANEMINR DECAY IN THE OASII nE 71.205 (3A%) • s0.212 (64%), ANO TL-209

(9%) • p0.2S1 (.11%) WOE OuNTED 45 A SINGLE DAUGHTER Iw EACH cAst. MINOR RRANEHINg (/It OR LEA'S) MOS IGNORED.
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TABLE A.4.2a. Hazard Index--Once-Through Cycle--Growth Case 2, m3 water/MTHWA)

Fission and Activation Products

044.174
RADIONUCLIDES 2000

YEAR

POSO 2070 SOO i000

GEmoGym

1000

Tymr ty2AAAs!VoNn

100!;10. . 4:;000

13+6i

100300 500000 1000000

14.3 n. n. 2.32E+33 2.20E-07 0. 0. m. 0: n. n. O.

C.lo n. n. 9.06E+02 9.40E+02 0.42F+02 4.50E,01 1.m110mE 1.441.00 R.666.02 O. O.

M6.44 n. n. O. O. 0. o. A. 5: O. O. O.

111.15 n. n. 4.2SE.01 O. o. O. D. 0: n. O. O.

C0.60 n. 0. 1.40Es0a 0. 0. O. 0. 0: 0. O. O.

NI.ps n. n. 1.49E404 1.48E4.04 1.0E4.04 1.421.04 i.1614.nii 4...51.03 6.461.•n3 1.96E4.02 2.5et•00

NI.O.S n. 0. R.94S,006 4.13E+02 9.60E+53 0.1bE.10 n. M: n. O. O.

SE.79 n. n. 1.01E.05 1.14E+05 1.iSp.605 1.0614.09 i.m31onE 6:i0r,OA !.04r.64 S.341.02 1.69E000

KR.15 n, n. O. 0. 0. 0. m. 6: n. O. O.

R8.07 n. 0. 1 .64E..11 I .1)SE•01 1 .4.91•01 1.492.01 1 ...41r•ett j:44F4.01 1 .1.9.•1,1 1.641.01 1.691.01

OR•00,Y.40 n. 0. 3.10E*10
1.622+0b ,.19E.00 0.

A. 0. 0• o. o.

ZAAA3 n. 0. 2.03E+03 2.03E+03 2.+32.03 2.032.03 A.13++03 f:012+63 1.4144.03 I.6IE4,01 I.P0E+03

NR.431 M. M. 3.40E+03 4.07E+03 4.17E+03 106E+03 4.05p+0S 1:0AP4,03 3004+03 3./3E+03 2.511,03

'CHAN 0. 0. A.,02+00 A.t4E.00A A.i82.044 A.132.04 A.nbA+HA 30024.11A 3.0E1+54 0.07E+03 1.92E+02

Ru6i06+11H6106 n. O. 1.14E.07 0. O. O. M. 0: O. O. O.

PO.107 n. 0. 3.04+06 2.19E+0A 2.19E+04 2.19E+06 1.i9R+MO 1:j71.0114 3.161+64 3.04E+04 2.29UP04

AG.II0M n. 1. O. 0. o. O. 1, 0: O. O. O.

00013m 0, O. 7.1bE+52 1.46E602 0. 0. O. M: 04 0. O.

Sel.12STTE.12sm n. 01. 6.10E+00 O. 0. 0. n. n: 0, 0. o.

SHAi2AARRAI26 n, 04. aoh3E.000 4.62E.OS A.A0E.05 A.Ase+os a.1131.W5 N.53m$05 2.12100S f.40,04 4.SSET02

I.IPS 0, O. 5.402,05 9.40E+05 s.i02.(0 5.402$0S S.714.00S S:liSPi.OS 5.37r*O6 5.291.05 5.11IVAOS

C8.134 n. O. I.5tE403 O. O. O. d. 6: o. o. o.

C8+i35 n. Me 2.45E.003 2.60•03 2.43p$03 2.63E+03 4.421.53 1:601+03 2.571T,03 P.74E.003 1.09EP03

C11.07+2P.137 n. O. 0.1514,00 6.92E.00s 6.70E.01 O. O. 0: 0. O. O.

CE..44.41141AA n. n. 0. O. O. O. 0. 0: O. O. O.

Pm.ls, 0. O. 2.0E4.01 O. O. O. 0. n: O. O. O.

Soo.iSI n. n; I:RbE4,06 h.ITEPOs 1:19E+03 1:70E.1 1 n. A: A. O. O.

EU.iS2 n. n. 2.49EA03 1.72E.01 O. O. M. n. O. O.

Eu.,S4 n. n. 1.20E4.07 1.60E001 1.i1E.10 O. n. o: 0. O. O.

['JOSS n. 0. 1.00E.02 O. 0. O. n. 0: n. O. O.

OTNPS n. 0. O. O. 0. O. 0, 1: O. O. O.

TOTAL n. O. 3.60E+10 3.19E+06 101E+06 1.19E+06 i.i716.56 1.09,606 4.49.•05 S.90EA05 503E4.0g

URANIUM ORE INDAX O. O. s.PSEPOi S.89E•02 1.002.02 1.37E+02 i.141+62 1:122+02 1o21+02 6.12/.43 6.31e.07

A. +ALLIES LESS THAN 1.02Aso HAVE PEEN DESIGNATED AS ZERO.
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TABLE A.4.2b. Hazard Index--Once-Through Cycle--Growth Case 2, m3 water
/MTHM(A)

Actinides

0E01.037C 77Hr cyE446.9!ynN0yEAR

RAOYONLICLTOES (R) 2000 2010 4070 100 i000
 .. 

5000 10005 SnOn0 100,50n S00000 1000000

CH.241 O. O. 8.16E+04 4.042704 3.47E4,04 2.77E+04 1.421.m4 4:1SE.02 0.44r+00 O. O.

:m.m4. el. 1. 1;,,0%.01 1.03E+00 4.12E.09 n. n. O. o. O.

CH.plo n. 0. 1.55E+05 2.45E+01 0.41%.04 1, 0. 1: O. O. O.

CH..?A? 0. n. 3.04E+01 4.10E+04 4.4lE+03 5.04E.01 o. n, n. o. O.

4Nop43.OmR.230 O. M. 3.42E+04 1.10E+06 3.1.3E+04 200E+04 1.40r.nb A:i2r+04 4.11A•62 O. O.

Am.?4,m.4.1.24? 0. D. 1.00E.o0 004E+05 3.itE.n4 3.72E+04 O. 8: n. o. O.

....%4I n. n. 8.41E+10 4.14E+06 2.o6r.onS 3.60E.001 1.44F4,64 6:10F+n2 4.601,4,00 O. O.

SU+742 0. n. 3.n9E+15 3.04E+05 3.04F.OS 3.04E+01 s.03F+01 $:42F.01 2.17r+0S 1.242+0S 404E+04

RU.241 n. o. 1.91E+17 ,I.M8E+02 7.76E+02 5.S4E.002 1.+5r.n2 i:i7r+01 102r.,041 O. O.

Pu.240 O. n. 8.66E+07 6.47E+07 4.04E+07 5.34E•07 11.,0r.o7 q:5.4.0s 3.i4,...13 0. O.

Eu.m30 n. 0. 5.73E+07 1.47E+07 1.w4E.07 5.01E+07 4.17r+07 1.42(.07 1.42r+04 3072+01 2.40E-05

PU+236 O. 0. 2.12E+08 1.0?2707 2.41F,on5 5.67E.04 0. 1: n. O. O.

PU.236 n. n. 1.66E-02 O. 0, O. 6. 6: 6, O. o.

No0.374.o4.233 ri; o. 1.26E+05 2.35E+05 3.0E+05 3.69E+05 1.6114:n5 1:644.m5 3.49r.on5 3.112.01 2.66E401

U.24A+Tw.234. 0.
R..234+

O. 2.4TE+04 2.47E+04 2.07E+04 2.87E+04 2.17von4 E:ITE+04 2.07E+04 2.311•04 2.37E+04

u.2+6 0.

u-els,,,,.231 o.

0,

n.

7.36E701

6.74E+02

7.04E+03

6.78E+02

7.74E+03

6.44E+02

9.01E403

7.23E+00

iolOr+o4

7o67E;001

1.15E+04

4:441+01

1.1.5E+04

1040.03

1.14E+04

1.061.063

1.11E+04

106E4.01

U0214 0,

U.E13 0.

O.

0,

4.26E+04

5.40E+00

6.64E+04

4.12E+01

.6.0E.04

4.0E01

6.62E.04

b022+02

1.14r.n4

1.43r+n3

1.n8r.04

.-
6.74E.03

4.11p+04

1024+,14

2.14E+04

204E+04

1.33E+04

2.75E+04

U.272 O. 0. 3.12E+03 6.212+01 5.00E+01 O. n. n: n. O. O.

PA.p31 n. O. 6.63E+01 20.7E4,02 4.10E+02 2.09E+01 4.03E,An3 i:4bF.O4 2.49r.004 3.042+04 3.05E+04

TH.230 0. n. 304E+02 2.44E+03 bo3E+03 3.53E+04 4.054.04 2:42r.o5 4.00%+05 3.4SE.05 2.20E+05

TH.p20++ DRuGHTER% n. 0. 7.07E.ol 2.121 001 1 .1 2E4,n2 308E+03 1.44F•M4 1.0406S 3OSF•65 S.56E+05 8.31ETOS

TH.FE9T6 DAUGHTERS 0. Do b.64E.03 1.34E.O2 1.i0E.00 4.19E-02 4.i0r.02 5.44,.01 1.14,4.00 saiae,00 1.1.bec01

Ao.p2747 08uowrEa5 0. O. 7.47E+11 3.60E+02 7.44E+n2 3.47E+01 T.2IFOM3 A:RTF+MA 4.461+04 5.46E+04 1.4bE.04

TH.2,32.4 0400HTERS O. O. 2.10E•02 1.00E.01 3..4E-nt 2.041E+00 4.44r.n0 r:47F+01 A.Š1r+n1 e.eue.oe 5.66E4,0e

R4.p2é0.5 0AUGHTFeo o. 0. 4., IC,o2 1 .72E•04 7.09E•o4 1•39E•0b 3.43,44ob 1:41.•07 E.9br+07 2.64E+07 t.aar•ot

po.plo.? DAUGHTERS O. O. T.n1E4.01 5.64E+03 2.i2E+04 4.75E+05 1.melm..06
._

6.44r506 1.01r.07 9.06E404 1.04E+04

TOTAL 0. no 1.66E+01 6.14E+01 3.06E+06 1.09E+64 4.74ron7 0.i1S+07 4.4644.n7 3.71E+07 2.14E+07

URANIUM ORE INDEX O. D. 1.41E4,01 105E4.00 3.68E4,00 1.25E4,00 R.F2F.6I 4:0T.ot 1.13,-01 4.31E.01 2.46,-01

A. YALUES LESS THAN 1.0E...11 HAVE Wm DESYMNATED AS ZERO,
B. 701.229, 7 04000477*Ra ARF

TH.apo; 6 DAUGHTERS OF
AC..2p7, 7 04111147E16 OF
T0.212, 2 DAuGH7E05 ARE

RA.221, 4C.22S, FR.221,
11.2?4, 14+210. 10.216.
714+2?7, P1.221; 04.214.
0A.226 440 AC.22E.

0.217, s/.2iL 18.209 440 ii.+604 TS 4% 0F TH.224 44n .o.ats
rB.212. AT.214 iND TL.206 71 14% Or 44.244 4N0 lin.21? TS 64%
100215, 4,40211, 9I.211 440 TL.401.

ls 91% OF
OF T14.226.

TH4621,

04.2m6, 5 DAUGHTER% ARE 04.222; En.214. 43.214, 31-214 490 Pri.214,

R2.210. 2 O4UGHTFR6 ARF R1.210 AND R0.210,

NOTF. IN ACCOUNTING FOR THE RETTVITv 04 THIS MANNER. O4ANCNIN4 DECAY IN THE 0464 nF Ti .204 r3641 . m0.212 (643). AND TLH2O9

40.211 (6111 WERE COUNTED AS A SINGLE DAUGHTER IA, EACH CASE. 41000 4R4HCHOwg (t,/ OR LES%) vAS IGNORE%
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TABLE A.4.3a. Hazard Index--Once-Through Cycle--Growth Case 3, m3 water/MTHM(A)

Fission and Activation Products

NAJO4
RAOTONLIELIOES

v2.61 amLOGIC TTnt f+E.6442voNo 1.275

2000 POSO p070 600 000 5000 1mOmn, sPoCio 1110mOS S00000 1000000

M.3 N O. 500E+03 6.0E+07 n. O. M. 5: 6. O. o.

O.17 0. n. 1.04E.,0; 4.46E+02 6.40E•m2 3.13E+0? N.i3P+62 2:444+00 2.402+m3 O. O.

mm444 n. 0. 2.70E+07 0. O. O. o. 1: O. O. O.

PE+22 O. O. 6.41E+01 O. O. O. n. 6: m. 0. O.

00.60 0. O. 102E+03 o. O. O. O. 0: 0. O. o.

N2440 n. O. 1.41E+04 1.31E+04 1.40E+04 1.43E+04 1.422+64 4:41E+03 4.34.4.13 1.441.01 1.431.00

Ni.A3 n. O. 101E002 403E+03 1.0E+04 4.1+E..1n m. 0: O. O. O.

se-To n. n. 1.0E4,05 1.1,51.05 1.i42+63 1.042.0.1 1.n3reng 6:i62.004 3.47t+nO 5sO9E401 101E4'00

74+74 n. 0. O. O. 0. o, m. o: n. O. O.

14.417 n. 0. 1.711.01 1.71E.01 t..- tE.ot 101E.01 i.it..61 i:i1e.401 1.111..m1 1011.01 1010.01

116.60.1,A40 ft. O. 5.64E+10 2.22E4.06 1.m2E+01 O. 6. 1: n. O. 0.

14.63 m. O. 2.11E+03 2.0'5E+03 20.3E+03 toSFAOS A.n...103 p:60...03 tow...63 1.431.03 1.141.003

66..36 0, O. 3041E+03 4.10E+03 4.iO4+n3 4.10203 4.622..m3 4:;12+01 3.422+m3 3.16103 2.0011003

To..16 O. Ö. 4.23E+04 4.22E+04 4.22E+04 4.16E04 4.06.fsmo 1:442.04 3.O42+04 0.13E603 1.56E4,01

01.1.906574.106 M. O. 2.21E431 o. O. O. O. 6: o. O. O.

2D+0* m. O. 3.21E+04 3.41E+04 3.41F454 3.21E+04 1.612.0,54 3:-4024.64 3.122.0m4 306E4,04 2.911404

604110M O. O. hool.oa o. o. O. O. 0: P. O. O.

COAIISO O. 5. () O. 1. A. O. O.1.61E+06 304E406 o.

11.415.11Al2S. n. n. 1.141+02 O. O. 0. m. *: 0. O. O.

0m004.00.126 m. n. 4.67E+15 4.66E+03 4.641•05 4.31E401 40161'403 1.710r.03 P.447emE 1.66Es04 6.1,1.01

'Alpo m. n. 3.44E+03 5.44E..06 6.4,44605 1,444.02 4.442.03 4:434+MS S.42..01 S.33C.OS %/Woo

Coon ft. I. 105E+06 0. n. 0, m. o: o. O. 0.

04.13.5 m. O. 2.6.1.03 2.641.03 2.441E+03 2.64E+0. 1.43...m3 2:614.03 2064+1,3 2o5E.03 8.1014,03

CS.074.114.137 m. 1. 1.13E+04 0.56E+04 6..AFAmt o. m. o: m. O. O.

CE044#64.1AA n. O. 9.14E+04 O. o. o. 6. 0: O. O. O.

4.?2E+53 O.2m042 o. O. O. O. n. 0: 0. O. O.

46.t51 A. 0. 1.23E4.06 6.41E+04 1.74E+03 1.40E+11 n. 0. O. O.

Eu.ist m. O. b.ttE+03 4.0SE.07 O. O. O. O. O. O.

EU+f34 O. O. 2.27E+07 5.E7E.01 2.04E.10 O. n. o: O. O. O.

Eu.i66 n. 0. 3.A9E.01 O. 0. O. 6. 6: n. 0. O.

011.179 ft. 0. 1.44E+10 O. O. O. o. 0: O. O. O.

TOTAL n. O. 6.112.10 4.16E+07 1.73E+07 1.20E.oh 1.i8..66 i:63..06 01.4250n3 S.00CIOS SeSOIPPOS

ORANTOR ORE INDEX O. n. 5.01E4,12 AOSE.OE 1..EE.0E I.38E.02 i.lbr.12 i:TSP.OE 1.01..02 6.831.03 6.43E.03

A. 44LUrO LESS TRAN 1.01.10 NAVF REEN OE1/ON4YEO As ZERO.
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TABLE A.4.3b. Hazard Index--Once-Through Cycle--Growth Case 3, m3 water/MTHM(A)

Actinides

RADYDNUDLIDES (91 2000

YEAR

P050 2070 400 q000

0Enonor Tym! ricåelelynNO

5000 tnonn 5?.0n0

19153

i00A0n S00000 mow

OH.20, A. O. A.27E.04 A.t2E+04 3.052.mu E.S3E+04 I.262+mA 6./1E12012 9.792+m0 O. O.

0m.paa 0. Õ. 1.61E+07 3.37E+00 1.63E-08 O. M. 0: O. O. 0.

CM.pA3 m. n. E.ItE.05 3.19E+01 60112.mA O. M. m. n. 0. O.

CRApa2 n. o. 307E405 5.13E4.04 5.0,44E.n3 6.?0E•ns 1. 0: 0. 0. O.

AM.049PA239 m. n. 3.0E+01. 3.35E+06 3.202+06 2.23E4,06 i.a1v.mb 1:02,m4 ao6p•m2 O. O.

AMvpðiewATI.EAP n. o. 2.n7E+N. 3.25E+05 3.11F.nu 3.417E.04 1. n: n. 0. O.

AN.A41 n. O. 11.411E+0 4.72E+OS 2.12E4oS 3.011E4OS 1.04ACTmA f.50A..02 4.1111,..S0 0. O.

PU.A42 0. 0. 3.12E•05 3.12ET05 3.11E+15 3092.05 5.m62.m5 A:AS9.n9 2.60ponS 1.19E.OS S.01E+04

PuApAt 0. 0. 3A6nETO7 S.ESE.DE 7.22E+02 5.66E+02 9.7200mt 1:10Aom1 1.06r+m1 O. O.

211.240 P. O. 8.402..07 8.12E+07 A.i02.07 3.37E+07 1.22R+m7 5:122.09 3.162.43 O. O.

PU.pSR ft. O. 9.77E+07 5.71E+07 S.A3E+07 9.09E+07 4.40r.n? i:ii3r*.n7 1.050.110 4.00E.01. 201E-09

PU4030 0. o. 2.60E.09 1.13E+07 2.72E+05 A.OAE.OA O. M: ft. O. o.

1,11.236 M. M. 1.46E$00 O. O. O. S. 0. O. O. O.

NIA•p374AA.E33 0. 0. 1./3ETOS 2.321.005 G.i2ConG 3.73F•ng I.ip.IG 3;e0FAn5 1.621 005 3.19E4.09 2.71E909

U.29900...2394, m. O. 2.37E+04 2.37E+041 2.17E.00A 2.37E+04 2.972.04 s:i72.04 2072+04 2.37EA04 2.37E+04

PA•23AH
U•ERA M. O. 1013E+03 7.59E+03 7.20E+03 9.07E+0R 1012.AnA i.T62.04 i.i61.4.119 I.ISE.TOS 1.13E+04

U.23S.To+231 M. O. 0.79E+02 6.W+02 6.08E+02 7.28E+02 7.7/2+212 9:i/F+01 1.04E003 106E903 1.09E903

UA269 n. O. 4.16E+04 6.54EADA S.TIETOA 5.67E40a R.A02.AM4 9:T22.m4 4.19124004 P.E0E.09 1.34E.0011

U.296 O. n. 5.191.000 3.34E+01 Q.I5E.0.01 6.ASEA01 (.04FAn3 A:00.03 1.13.001 I.87E•04 1.79[904

UN2N2 rt. O. 300EA13 7.20E901 5.ARE.m1 O. m. 6: O. O. 0.

FAA231 0. O. 5.41E+01 2.0[4,02 41.26E.02 2.06E+01 4.0517+01 i:A72+011 2.412.mA 9.00E+04 3.08E+00

TH.230 M. n. 3.11E+02 2.81E+03 C.A6E+03 3.542+MA 6.99tremA 2:AA6.0S 9.3997n9 300E909 1.11E00%

ImAp29,09 DAUGHTERS M. O. 6.211E+11 1.9tiE.01 T.nREAlE 6.99E+09 t.A9ron4 i:A5F.09 3.909015' 8.69E.i.0% 0.39E7OS

To.42696 0AU9.479R6 0. n. 9.69E+06 104E+02 1.10(4+00 4.20EA01 o.i6ANn2 .3:44..01 1.0.900 9.061.00 1.17E901

A0.029,09 OAUSHTERS O. O. 6.77E+01 3.01g,02 7.41E+02 3.67E901 7.959406 6:99rAmA A.ARAAnA s.soc.oa 5.50E+04

TR.P3272 DAUGHTERS P. O. I.7IE.02 1.60E-01 I.AiE.01 2.05E+00 4.ATAAn0 p:AFF.ni s.sRFAll 2.866.02 5.70E902

RAA•26s9 0Augo79.0% 0. n. 2;90E+02 1017E+04 7..02.14 1.3142.06 1.1.61,..06 i:92ren7 2.9112•0 1.68E+07 I.AGIFOT

FGAPI0,02 OAUGHTEAS 0. 0. 4:5IF.I.D1 5o7E+07 2.AGEA04 4O5EA0,1 i.242.66 6:442.06 1029.07 9.12E606 %.06[006

TOTAL O. O. 1.31E+09 A.30ECO8 3.211F+0S 1.10E+04 4.142+07 A.T82+07 A.90A+07 3.711E.007 GAISE+07

URANIUM ORE INDE1 ft. O. 1.90E+01 7.24E+00 4.0E+00 1.26E+00 4.192.01 4.AIF001 6.Ilre01 4.34E.OI 2.47ENOI

A. vALUES LESS THAR 1.02.10 MARE SEER DESIGNATE0 AS ZERO.
S. 99.229." 7 0AuGNYIRS ARE RA.225. AC.E25; F4.221, 4re217, Ri./i3, 00+209 ANO 70.200 vs 96 12

701.2ES. 6 DAIAMTFAS ARE RAAE29. RN.221, F0.E16, A8A212, 97.2'12 AND 71.209 IA IA% Dr +9.299
10A227. 7 DAWINTFR9 ARE 7w.127. RA.221; RN.219, Ao.ais, rA.ail, Rt.211 AND 7L.107.
vH.232. 2 0AuS4TERs ARE R4.228 4N0 AC.220.
RA+2E6. S ['CANTER!, ARE 94.2p2, PS.EIS, 91.214 Awn Pm+sts.
28.210, 2 mAugHTFR6 ARg 00.211

TwwEiN AND
AND P0.111

20.213 18 919 OF 7149289.
TS 90% OF TR.2E11.

NOTE. IN ACCOUNTING AIR THE ACT!TETT IV THIS MANNER. ORAM0WINm OECAT 3N TwE cast! nF T1A208 (INA) •RO..272 (04111, ANO TL.teR
on) . .o.pli cgizi wof COUNTED AS A SINGLE 0AUGHTER Im EACH CASE. HINDS TWANPNINS fli MS LESS) MAS !SHORED......
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TABLE A.4.4a. Hazard Index--Once-Through Cycle--Growth Case 4, m3 water/MTHWA)

Fission and Activation Products

044.1nit
rE49 OEOLOGIE Trmie frE498.11FroN0 19755

144070NueL/OES 2000 2050 2010 500 1000 5000 40P0 SO" 100,100 500000 1000000
..... 1.00 ... ...  .... ',.....

N+3 n. O. B.02E+03 9.42E+07 O. O. 0. 0; O. O. O.

C.16 0. O. 1.04E+13 9.09E+02 9.611+02 5.74E+02 1,441..02 2:0E+00 3.401.+03 O. O.

mN4B4 n. O. 1.63E+06 O. 0. O. O. 0; O. O. O.

17E+BS 0. O. 1.1SE•02 0. 0. 0. 0. o: 0. O. O.

C0+60 n. O. 2.43E.O5 O. 0. O. O. 0: O. O. O.

N1.069 n. O. 1.31E+04 1.30E+04 1.0E+74 1.44E+04 iolli+m4 4:70E+03 6.34,403 1.49E+01 2.62E+00

NI+63 n. O. 1.06EN01 A.AsEsoS 1.13E+04 9.94E.10 O. ft: 04 OS Oa

5E+79 n. Oa 1.1 4"05 1,1 4/"" 1:0E.05 100E4'00 1.003P.05 6:i1i.,00 30"1"041 0.551g4.01 20119e."0

RSAns o. Oa O. Oa Oa Oa OS 0: Oa Oa O.

n. Oe 1.69g.01 1,69E.01 1.49E.01 1.69EmO1 1.491.i1 i:Oreta 1.0,1.01 1.69!..01 1.69E01

SINNONr.op n. Oe 5.99!,10 2.0E+06 1.10E+01 O. 0. O. 0. O. O.

ERNA3 n. Oe 1.04E103 2.03E4.03 2.03E+03 2.07E,01 2.113N•61 i:99e.03 104.63 1.61E440 1.1SE•03

N8.0314 n. 0. 3.79EN03 407E+03 407E+03 4.07E+03 4.06i•M7 1:40E+02 3.80.03 3.23E03 2.37r003

TCAAR n. O. 4.20E4,04 4.20E+04 4.i92+04 4.13E+04 4.071+04 1;561.04 3.0217+04 B.05E•o3 1.55E+03

$41+,06+0+106 n. 0. 1.35E+00 0. O. O. 0. 0: O. O. O.

PD+J07 O. O. 3.E0E•04 3.20E+04 300E+04 3.10E+04 1100I+04 3:I4E+04 3.17,4,04 3.0SEN04 100E.004

040+9109 n. 0. 1.0EN07 0. 0. O. 6. 0: O. O. O.

CD•113m n. O. 2.23E+06 6.2SE+03 0, 0. n. 0; M. O. O.

0S+115+7E.125N ft. O. 2.69E+03 0. O. O. m. 0: O. O. O.

SN+126.911+126 ft: O. 4.61E+0s 4.64E., OS 4.62E+05 4.49ENOS 4041+03 3:i9E•03 Ea7++69 1.46!.000 0.Š7E4.0/

I+1,41 0. 0,1 S.41E+05 3.41E+03 .5.41E.05 5.41E03 3.401..413 4:i0E+03 3.311p+05 3.30E+03 3.14E.O5

CS+134 O. O. 4.70E+06 O. O. O. O. 0; O. O. O.

CS+133 O. O. 2.61E+03 2.0E+03 2.41E+07 2.61E+03 0.60,...03 A:0E+03 2.35+,003 100+03 107E+03

00071+14..137 O. O. 1.30E+03 1.10E005 1.06E+00 O. 0. 1. O. O. O.

CE•144+MR+144 n. o. 5.0311.03 O. O. O. n. 0: 0. O. O.

PN+147 n. 0. 1.30E+04 O. O. O. 0. 0: O. 0. O.

1104.6-31 0. o. 1:43E+06 7.20E+04 1.34E+07 1.30E+11 M. 0: O. O. O.

EU+iS2 n. O. 8.86E,003 3.5SEN07 O. O. M. 0: O. O. O.

EU+134 n. O. 3.01E+07 7.01E.01 2.i4E+10 O. M. 0: O. O. O.

gu.iss O. Oe 1.72E+02 D. O. O. M. O. O. O. O.

OTHER O. O. 8.35E+10 O. 0, O. 0. 0: O. O. O.

TOTAL n. O. 6.n3E+10 4.35E+06 1.'3E+06 1.20E+06 i.i714.n6 i.112!,006 8•57,4.05 ge91E.OS SoSIK•OS

URANIUM ORE INDES 0. O. b.9SE.002 3.23E-02 1.41E-02 1.3/ENO? 1.1SANn2 1:i7E+02 1.02S+02 6.79E+03 6.74E+01

A. WALUES LESS TMAN 1.0E+10 HAVE B!EN DESIGNATED As ZERO.
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TABLE A.4.4b. Hazard Index--Once-Through Cycle--Growth Case 4, m3 water/MTHM(A)

Actinides

VEAO GEDLOG7c TIN, !TEAssSrvONO 191SI,

RADiONUCL!DE6 (R) 2000 POSO 2010 500 1000 5000 100nn S000 100n00 500000 1000000
. ...   . ..... .. ..... go..

C.1.24% n. O. A43E004 4.00409 3.0E+09 2.00Es04 i.AAr‘onA A:0E+02 9000,•00 O. O.

C..244 ft. O. 2.44E+00 A.32E•00 2.m6E.06 cl. O. O. O. O. O.

DM.pA3 O. O. 2.19E.POS 3.62E+01 7.i3E.O4 O. M. n. O. O. O.

Cm.p42 n. O. 3.931.00S 5.22E.09 S.T4E403 b.P0E...0.5 0. O. 0, D. 0.

Am.p434.0p.239 0. 0. 3.45E+06 3.22E+06 3.02.06 2.212+06 1.40...6 0.04F.004 4.032.02 0. O.

AN.242..A..242 ft. 0. 1.11E4,06 3.212005 3.14E+04 4.04r.04 n. 0: O. O. O.

Am.rAt 0. 0. $.23E+08 4.7SE.08 2.14E.06 3.43E.0S 1.A60.04 A.iirr.02 910211.000 O. O.

Pu.p42 0. 0. 2.102.02 2.10E+05 200E4,0% 2.072.0% A.041+112 p.43E•nS 2.96F.AnS tails.os 4.94E+09

FU+EA1 0. O. 4.q6E.07 0.16E,02 1.ASE.02 S.61E+02 1,440,02 š:310.01 11.44r.01 O. O.

RUrr90 O. O. $.116E+ol 6.52E+07 R.10E+0 5.37E.07 5.E2F•07 2.R22.03 3.16..03 O. O.

PO+E341 O. Os 5.74E+01 3.011.07 5.442.00 5.09E+07 A.A0F.D7
...

1.43E+07 1.45E016 4.01E4,01 2.71E+05

Eu+p36 n. O. 2.70E4,06 1.16E+01 2.41EADS 6.17E.OR n. o: O. O. O.

Pu.p36 0. O. S.6RE4,00 D. O. O. O. 0: O. O. O.

ro.p374,A.233 n. O. 1.20E+02 2.27E+05 3.i0E.05 3.71E+05 5.i1r.mS 1:A7E.0O 3.61E+01 3.11E.03 2.70E+06

U.IT.6.Tm.234. n.
110.234.

n. 2.11E.os 2.376.041 2.71E+041 2:31E.OA p.c7E•nA p:i7E•041 2.37E+na 2.37E+04 2.37E+04

U.2F6 O. 0. 2.26E.02 1.22E+03 0.03E .03 9.00E+03 1.002.414 i:TSE.O4 1.0..64 1.14E4,04 1.12E+04

U.202,00.231 M. 0. 11.66E+02 b.11E+02 607E+01 7.17E+02 T.Alsim2 gi,A0r.02 1o31.+03 i.OsE•03 1.05E+03

11.2” 0. o. a.01E+041 s.A3ET,04 S.A3E+06 3.511E..04 s.R2E+nA 41:0E+041 A.SEF4,04 1.16E•OR 1.33E+00

U.273 0. O. 4.20E+00 3.20E+01 9.i9E.01 b 60E+02. i.A3p.n3 6:APE+113 1.23..04 2.46E04 2.77E,04

U.212 O. O. 3.06E003 7014E.01 6.i2E.01 0. M. O. O. O. O.

RA.p31 n. O. 5.111.01 2602E4'02 4.i62.02 2.02E+03 1.99,•03 1.i.SIF.09 2.18,414 3.05E4,04 3•04E.004

TN.230 M. O. 2.741°02 2.61E+03 6.49E003 3.47E+04 A.A9...mA e:A024,M2 4.33..02 3.93E4,03 1.19E,0S

TH.2200 DAUGHTER$ O. 0. 516E.01 1.42E4,01 1.06E+01 3.942,03 1.4181.04 1:45F+05 3.31E+05 6.62E.01 6O1E.001

014.222+6 DAUGNTER4 0. O. 6011E+03 1.62E+02 1.12E+00 4.1SE.02 0.06r.n2 s:i8E.01 1.icip.00 503E440 1.16E•o1

Ac.p27.7 DAUGHTERS n. O. b.o6E4,01 3.46E,002 7.6RE.02 3.61E+03 7.131+03 2:0E+04 41.04+114 5.41SE.04 5.44E.04

TN.232.2 DAUGHTERS O. O. 1.28E-02 1.221001 3..4E-0/ 202E4.00 4.113r.n0 r:A1F,O1 .1.01.001 1.84E,02 3.67E002

RA.226.1 DAUGHTERS n. 0. 2.42E+02 1.46E+04 7..3E+04 1.31E+06 2.60..mh 1:A9F.07 2.04pb00 2.63E+07 1.48E+O1

14.210.2 DAUGNTERD O. O. 3.06E001 4.601003 2.016E.04 4.65E+0% 1.'2,406
._
A.01E+06 1.00E+07 11.011406 3.03E04

TOTAL n. O. 1.52(.09 b.34E*06 3.sSE+06 1.10E4.06 la.s3F+o7 A:f4E+07 4.44.0n7 3.141.00 2.131.07

URANIUM ORE INDEX n. O. 1.412E+01 1.26E+00 A.n6E+00 1.26E+00 p.wer.01 (1.76,..01 3.10.001 4.30E001 2.41E001

A. WALUEG LESS TWAN 1.02.10 MA9F SEEN DESIGNATED AS wig.
6. TH.220; 7 DAuGHTERs ARE ;liar!, AC.22S; I01.221, AT.211. s/.2i3, PS.209 AND 7L.209 TS Rtt or TH.224 AND

TH.2E6,- 6 DAugHTERs ARE RA.224, RN.220, P0.216, P8.212, 8/.2-12 AND TL.206 TS IA% Or TN.2r8 AND FO.212

AC.227, 1 DAUGHTERS ARE 714.2?7, RA.221, 0.1.219, 10.21S, PR.211, R1.211 AND TLOPOT,
TH.2?2, 2 DAu0eFRII ARE RA.G76 AND Ac-pas.
pA.apb, s niku6HTPR8 ARE R..122. F0•214, 141.214, 6I.214 AND Fm.214.
E11.210, 2 DAUGHTERS ARE 61.210 AND PO.p10.

WI". IN ACCOUNTING F0R THE ACTIVITy IN THIS MANNER, GNANewINm DEC Ay IN THE CAW! nE TL.los Ohs, • R0.2i2 (04%), AND TL+200
(a) • .00231 1011 WERE COUNTED AS A SIN% E DAUGHTER 1m sicH CASE. MINOR RRANCHOws fit DR LESS) WAS IGNORED.

.0.213 IS 91% OF TN.229.
TO sall OF Tw+216.
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TABLE A.4.5a. Hazard Index--Once-Through Cycle--Growth Case 5, m3 water/MTHWA)

Fission and Activation Products

MAAIR
YEAR SEOLOGTO Ty0F !YEARS,BEY0N0

RADIONUCLIDES 2000 POSO 2070 SOO j'000 5000 1p0m0, s000 100i100
 ====

900000 1000000

01.1 O. O. 5.961+03 1.12E+06 n. o. m. o: o. O. O.

0614 n. 0. 1.09E007 9057E•02 9.99E902 S.741.0e 1.169.91 9:91E4.00 S.9614.03 O. O.

1 61.94 n. O. z.92E.09 O. O. O. 0. 0: O. O. O.

FE+SS ft. O. 3.19E+02 O. O. O. O. 0: O. O. O.

100,0 O. O. 3.93E414 04. O. O. My 0: 041 O. 0.

11.19 0. O. 1.92E+04 1.5164,04 1.90E904 1.95E409 i.19p.o4 9:444.03 6.9119053 1.00.02 E.63E+00

wIw63 n. Oa 1.091.01 S.13E4.09 1.19E.o9 90541.10 0. o: O. O. O.

..
8E.99 O. O. 1.11E4,09 1.14E9oS 1.i4m.os I.omeios 1.o31.05 A.vme•mA 1.004,04 sOIRA.OR 2.I0E•00

KR.eS O. o.. O. O. O. O. O. O. O. O. O.

R0017 n. o. 1.70E+01 100Ew01 1.01.01 1.701.01 1.V0rA01 i:iorwni i.volvAol 1.70EA01 1.v0rw01

81.100.90 n. O. A.AREoto 2.90.006 1.i9E4,01 O. o. o: O. O. O.

ZM.93 n. O. 2.09E+03 2.04E+03 20,4E+03 2.04E+03 1.991.93 18901.03 16439.01 1.6E1,03 1.191.03

NO.0Em n. 0. 3.761003 4.09E+01 9.991.03 4.081.03 aolporil (1:60,.o3 3.91pt03 3.ISE.03 2.54E4,03

Te.09 A. Os 98111.04 4.111.09 9.91E+04 4.151.04 48999,099 3:111.04 3.044.06 8.12E03 1.56E4,03

RuAloopwAloA n. O. 1.67E4.00 0. O. O. m. a: O. O. 0.

RoAlov n. O. 7.01EA0A s.221.004 302F.004 I.22E4,08 1.F2r•nA 8:4,1E8.94 3.19+,94 3.04E.09 2.92E4.09

A0.1101 O. O. 2.94E+07 O. O. O. n. 0: O. O. O.

C0.119m O. 0. 1.661.06 5.03E+03 O. O. M. O. O. O. O.

lowi2s•TEA1001. n. 0. 3.6se.03 0. O. O. a. 0: O. O. 0.

1114..126+25.126 n. O. 4.681.03 4.661.03 48631.03 9 011.08 4.171Ams E:i1r.ms 1.84+008 1.411,04 4.60E,02

1.1P9 A. O. 3•441•05 58441•08 8.i4p4,98 S.83E•05 Ss113RefiS S.:112E1.0S So411•05 8.33E698 saal•o•

CsA13A n. O. 6.65E+06 O. O. O. O. 0: O. O. O.

CMOS O. o. 1.ARE.OR 1.ARRy0I R.ARE.OI R.ARE•oS 2.A1FAmI P.941.03 2061903 2.33E+03 E.O.E4,03

CO.134414.137 n. O. 1.41EA09 1.00Ei0s 1.4FA00 0. O. o: o. O. O.

CEwIAAflowtAA n. m. 6.9oEw03 0. O. 0. O. 0. O. O. O.

Pm.iii, n. O. 1.10E+04 O. 0. O. O. 0: O. O. O.

8MOS1 O. O. 1.09E+06 7.A6E4,04 109E+0E 2.0EF.11 11. 0: O. O. O.

Euw1s1 n. O. 1.06E4.04 7.00E+07 0. O. n. m: O. O. O.

EuAISA n. O. 3.00/A07 0.18Ewol I.A3EA10 O. 0. o: o. O. O.

EuAiSS n. o. 2.0EA01 0. o. o. e. o: o. 0. o.

OTHER n. O. 1./31.09 0. O. O. 0. O. 0. O. O.

TOTAL A. O. 6.0E4,10 4.831.06 1.,3E0011 1401+06 i.iepoolk 1:63F.06 01.91,4q1 SORE.03 S.seupOg

URANIUM ORE !NOES 0. O. 7458E+01 3055E+01 1.42EAO2 1.38E+02 1.161.112 i:TSEAml 1.03F•02 A.SsEwos A.AsEwos

6, VALUES LESS +WAN 1.0Fw10 wAvF BEEN OfscsNATE0 A6 ZERO.
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TABLE A.4.5b. Hazard Index--Once-Through Cycle--Growth Case 5, m3 water/MTHM(A)

Actinides

7EA9 GEOLOGIC TIM,' (YEAŠS.Š!YONO 19755

RADIONUCLIDES (51 2000 P050 2070 SOO -1000 5000 1m0o0 SO0n0 locHiOn 500000 1000000
 WWWW ......

Cm.p65 O. O. 6.16E+04 4.12E+04 3.65E+04 2.62E6o6 i.A6r+m4 6.68E+02 9.18r+m0 O. O.

Cm.p66 o. O. 2.81E+07 4.97E+00 2.410F.08 O. M. 0: O. O. O.

Cm.p65 n. 0. 2.60E+05 3.96E+01 7.i9E.011 O. m. 0: O. O. O.

Cm.p6E O. O. 3.61E+05 5.35E+06 S.67E•03 b.ssoos n. 0, O. 0. o.

AH.p65.0.230 O. D. 3.67E+06 3.35E+06 3.'0E+06 2.23E+06 i.a2r.n6 s.i76,60; A.076.02 0. O.

Apisp6pmsAm.162 0. O. 2.10E+06 509E.OS 3.67E+04 4.14E.06 m. 0: m. O. O.

Am.pAt O. O. 8.21E+08 4.82E+08 2.0E+08 3.88E.O6 1.A7r+ma 6:646.02 5.0106.00 O. O.

Fu.FAt 0. Do 3.12E.OS 3.12E+05 3.i2E+OS 3.10E605 A.n76.05 6:656.05 2.606665 1.25E+05 5.02E+04

PU.241 O. O. 5.60E+07 8.25E+02 7062E+02 5.66E+02 1.i2r.o2 i:601.+61 1.96r.Š1 O. O.

PU.P40 n. O. 6.66E607 6.56E4.07 6.i5E+07 5.61E.01 3.i4rom7 5:166605 3.166603 0. O.

Pu.635 o. o. S.90E+07 S.76E+07 5.46E+07 5.08E+07 a.aer.m7 i:63E+07 3.47p0n6 6.02E601 2.M.05

PU0135 ft. O. 2.60E+08 1.22E+07 2.00E+05 6.52Es04 O. 6: O. O. O.

PU.1036 0, N 7.80E+00 O. O. O. m. n: O. O. O.

Np.p37.1.A.233 M. O. 1.19E+05 2.27E+05 3.11E605 3.74EsOs 5.i66606 s:ARE.DS 3.64ronS 3.16E605 2.72E•OS

U.218044.234. 0. n. 2.31E+06 2.31E+06 2.17E+04 2.37E+Ou R01711+04 2:17F+04 2.380,06 208E+04 2.38U.06

N.2304
U.216 o. O. 7.58E+03 7.56E+03 TeiGE .03 9.03E+03 1.n1r.m6 1:i6ion6 1.16r+04 1.16E+04 1.132+04

U.255,10.231 O. O. 6.61E+02 6.64E+02 6.i0E+02 7.10E+01 7.115rso2 6:5416602 1.036,05 1.05E6,03 1.05E6'05

usm o. o. 3.65Em 5.62EM 5.466.004 5.58E+06 5.61r+O4 .1: 0E,0011 11.52ponA 204E606 1.53E606

us2s3 O. O. 4.70E1.00 3.16E+01 9.i9E,001 6.1140E.OP 1.66r+o3 6:67E+03 1.24E.M4 1.1111E+O4 2.79E.004

U.272 Š. o. 3.0E+03 7.67E001 6.68E.O1 O. 0. n: 0. O. O.

RA.r31 O. O. 4.66E+01 1.98E+02 A.I0E4,02 2.00E•01 1.6Sr.n3 i:Aur+06 2.4Tm.00 3.03EsoR 3.03E606

TH.630 o. O. 2.s6E+02 2.63E+03 6.0E+03 3.47E+06 A.A7r,m0 E:mOroOS 6.55,605 303E605 2.10E4,05

'N.M.', DALIGHTERS n. Me 6.13E.01 1.78E+01 1.mSE+02 3.86E+03 i.69r+m6 1:66E+05 3.39ronS 8.68E05 6.65E•05

TH046.6 DAUGHTERS M. O. 8.61E+03 1.69E+02 1.16E600 4.16E-02 6,40..02 5:i06.01 1.i66+00 5.65EM 1.17E+01

ACepET,T DAUGHTERS 0. O. 3.731+01 3.61E+02 7.64E+02 3.57E+03 i.m6r+m3 6.636606 6.616.06 5.46E6o0 5.61E+06

TH6631.6 ()CANTERS 0. O. 1.265.02 1.516.01 3.s3E.01 5.03E4'00 6.646•00 p.slipsoi 5.sepso! 2.85E4,02 3.691.02

RA04611 DAUGHTERS ri. O. 2:16E1,02 1.112Es0A 7.ASE.04 1.36E+06 Is69I.M6 1.04.1Y, 2.940.1,07 2.65E6,07 1.66E4.07

F6.610.6 DAUGHTERS O. O. 341E1.01 4.10E+03 2.56EGO4 4.66E+0S 17.112 r+ mé 6:63E+06 1.0060f17 9.00,006 5.06E.006

TOTAL M. O. 1.34E+09 A.AEETOR 3019E4.08 1.10E.0011 01•11/12.0m1 A.ISE4.111 41.11411.001 300E.07 2.10.001

URANIO ORE INDEX n. O. 1.54E6.01 TOTEM 4.i3E600 1.27E500 6.631,601 6:576.711 5.1016.01 400E6,01 206E.01

A, VALUES LESS THAN 1.06.10 HATF REEN DESIGNATED AS ZERO,
S. 701.2E9t 7 DAUGHTFRS ARE RA.225 AC.225; PR.221. AT.217. RI.I13, 14/02011 AND TL•200 TS 9% OF N.224 AND m0•213 IS 91% OF TH-229.

TH.466, 6 DALAI/Tr/is ARE RA.M. RA1.220. 000.216. 1,16212, 6762i1 AND TL.208 18 361 Or 714.266 AND 00.212 01 101111 OF Tsism.
AC.267, 7 TauGHTFRs ARE TH62p7.' RA.223, RN.W. R0.215, r4.211, 91.211 AND TL.207,

TH•232. 2 DAUGHTFRS ARE RA•22/1 ANO AC.M.
011.2F6. 5 DALIGHTFRS ARE RN.222, R0.215, PS.216. 81.214 AND R0.216.
015.210, 2 nAUGHTFRS ARE 806210 AND 110.410.

NOTF. IN ACCOUNTING FOR THE ACTOVITT IN THIS MANNER, SRANoW/NM DECAY TN TME CAE, MF TL.E0S f3631 • P0o212 (611%), AND TL.209
• 1100271 (0111) won, COUNTED AS A SINGLE DAUGHTER IN EACH CASE. MINOR RRANeWINS fii OR LESS) WAS IGNORED.
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TABLE A.4.6a. Hvard Index--Reprocessing Cycle--Growth Case 3--1990 Reprocessing Startup,
ms water/MTHWA)

Fission and Activation Products

m..1p4
+EAR REIL05I0 TIM!' nYFAA1 8!voN0 1995:1

RAO,ONUoLtnES 2000 2,0 p010 000 100o 501n 1nOmn qm000 1n0m05 S00000 1000000

M+3 n. 0. 2.4dE*62 1.04E+07 m. 0. m. n: 0. n. 0.

E+14 0. n. 9.49E+62 9.42E+02 P.A%Eem2 5.a6F,O2 2.9qrsn2 ,:17F.00 8.011.03 O. O.

9N+44 m; M. 2.94E•17 O. 0. 1. n. 0: O. O. O.

2E+95 m. n. s.g2E.01 0. 0. 0. A. n: O. O. O.

C000 0. m. 1.11F.O5 O. t. O. n. 0: o. O. O.

NI.N0 n. 9. 1.31F.n4 1.31E4.04 1.ToE.94 1.2b24.04 i.AtIonA A:i2A4,03 ‘..A314.m3 1.73E+02 2.282•00

NE++, n. n. 0.75E+06 4.10E.005 9011E403 7,42E.10 m. 5: m. 0. 0.

8E.79 m. 1. 1.09F.15 1.09E+05 1.m4E+05 1.04E+09 4.43r.64 A:424-.04 1.774+04 5.31E+02 2.3320000

88..45 m. 0. O. O. M. O. n. 0: n. O. O.

48+27 n. le 1.41E.11 isS1E.01 isrif..^1 t.ate-ol iottp-at i:i1r.01 1.31.+a1 i.stE.ol 1.s1r-ol

311...0.3.90 m. n. 6.46E+10 2.004.0m 4.44E.00 0, 5, 6 ". n. e. O.

Z11+413 n. 6. ?.13t+13 2.03E+03 2.miE+m3 2,0639.69 2.;2,..A8 1:0414m3 1.44r+n3 1.61E+03 1.26E903

NS+43m M. 0. 3.47E+13 4.04E.03 4.m4F+03 4003E+03 4.n54.m2 9:0E+03 3.44,4,n3 3.23E+03 2.56E903

Et.49 n. 6. 4.19E+04 4.186•04 a.ipE•n4 4.1tr.OA a.mfiA•mA 1:ii5r.ma 3.m1F•m4 8.06E•03 1.33E4,03

RU.1049404+106 n. n. 2.946.01 0, Os O. n. 6: m. O. 0.

Pn.i07 n. n. A.mlA*,A A.n1E,A0A A.51FAmA si.ntAA0A uone.na T:09.P.A4 lotrsno 3.81E+04 3.43E904

AC+110M m. O. 2.44E+64 O. m. 6. 1. n: O. O. 0.

ED+113," n. 1. 3.0E+04 4.176.03 C. 0. n. n: 0. 0, 0,

010,i21.11.121m n. Os Oe70f#01 Os O. O s Ms 1. Oe o. o.

13N+i26.033-126 a. 3. 3.4sE.as 5.432..05 s.alE.as 5.2bEi08 ross.ms 3:33"..rs 2.73.sas 1.71E.06 5.33E44.4

1.1E9 n. O. 0;mu2+05 500E+05 5.40F.AS 5.79E+04 9094.08 9:i8v+05 3.33..03 g.bee,os s.,412.003

co-i3a ft. n. 1.63E+:16 0. n. O. M. 0: O. O. O.

C8+i35 0. n. 3.42E+3S 3.32E+03 3.32r+a3 302E4.03 I.N1+4,a3 3:,8r.03 3.,5p.n3 2.96E+13 2.44E903

E8.137.44+137 m. n. 1.11E,A0R 9.55E904 9.486.01 O. n. m: 0. O. O.

CE.1414.i.R.144 0. O. 0.1s6E.04 O. O. O. O. 6: O. O. O.

109+1'41 n. 6. 4.11E913 O. O. O. M. 0: 6. O. O.

601+111 m. n. 1.47E+04 7.398+04 1.17E+53 2.73F.1 1 n. 1: m. O. O.

eu.is2 n. m. 1.06E404 7.00.07 0. o. 1. 0: n. O. O.

Eu.456 n. 1. 2./14.07 6010,01 2.RIE.10 O. 0. 0: 9. O. O.

EU./SS n. n. 41.13E•al O. O. 0. 0. n: a, o. o.

OTMFR ft• O. 101E.10 O. 0. O s 1. a: 0. O. O.

70141. n. n. 14.0SE•10 301E+00 t.14E.0ab 1.313+04 toRA.nA i:ier.e16 9.72A•mi 6.40E+09 6.0I1.005

URANIUM ORE INOPA n. n. 5.18E+02 4.50E.02 200E+02 1.41E+02 1.4614.m2 1:644.02 1.12,m62 7.36E+03 8.91E.03

4. vALUE8 LESS 'MAN 1.0E410 949F 14E9 OEST6N47ED AS URI].
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TABLE A.4.6b. Hazard Index--Reprocessing Cycle--Growth Case 3--1990 Reprocessing Startup,
m3 water/MTHM(A)

Actinides

4E0 GEOL./7M T/Hs FVFAosRFYDNn 19151

RSOTONUFLIDES Cs, 2000 P050 s0/0 S00 i Ono 5000 1nOmo . Srllo inniinn 500000 1000600
. ... ..........  

CM.7A8 0. n. 7.81E+n5 7.26E+05 6,n6F.n5 4.O1E.001 8.87..n5 1:14F414 1.72r.M2 O. 0.

Gm..p44 n. n. 2.15E4,n8 7A79E4.01 1.s5F+77 n. m A A: n. O. O.

CH•p47 n. 1. 8.0E+38 9.11E.01 1.f.4E-n1 0, n. n: 0. O. 0,

CM•p42 M. n, 2.56E.Anb 3.71E+05 3.78f...)8 11.84E.sla 1, M: M. 0. 0,

AM.p63..,P..219 0. O. 1.424.07 1456L'007 1.49SFA7 1.70,..m7 6.61F+06 1:56F•m5 7.90s+n5 O. O.

Amsp4214.Am..240 0. n. 1.0E+07 2.18E+06 2.0F.H5 2.471E.O1 m„ M. O A 0. 0.

AM..pal O. P. t.,tEt)it 2.3bE.00A 1.,SEt69 6.86F.08 s.pAr•AS p:i4A+04 1.73E4.02 0. 0.

Pv-RRE A. o. 1 .nnE•15 j.09E+os l.n9E•05 104E4,14 I .0..Tr•ng b.b9r+oa Q. 1 Ir+na 4.39E•04 1.76E074

2u•p41 m, O. 4.44F+76 7.45E+04 1..4Fsn9 9.97s..n1 4.445p.O3 s:79s*02 3.95,4.m0 O. O.

2U.240 O. n. 1"%s$17 1.45%+07 lot6E.111 oosE•ms 8.4MAA,n6 6:67ron4 8.16E+02 0. 0.

2U+,39 O. n. 3.n1E+16 3.10E+06 3.s3E+n6 1.912+06 4.s9r+m6 7:091+Ms 5.n9s+nS 5.912•00 4.002+06

Ru.p3p n. n. 6.20E+07 5.66E+06 4.i9Fsn3 9.3šE•01 1. m: O. n. D.

RU+226 m. o. 6.64E+12 O. O. n. n. O. O. O. 0.

NO+237+1sA..233 n. 0. 2.10E+05 E.ssE+OS 2.65F.An8 3.26E+08 1.A7E+n8 A.ARF.Ani 3.1°7**,3 2.602.05 2.342+05

11.272470.234+ m. 7. 1.96E+72 1.46E+02 1.46E+12 1.06E.A07 i.R6r.on? 1:66F.n2 1.86F.ne 1.50,02 1.99E+01
2A-259m

t.276 n. o. 9.0E+11 1•17L+02 1.01Ern2 3.70E+02 8.41F+mA i:04F.02 A.m2b.m2 7.93Esn2 7.82E.01

U..2:154TH-231 m. o. 5.ISE.070 5.56E+00 80.7E+10 8.36E,00 i.A4A.,61 1:i4Atmt 406A+01 8.10E+01 5.092+01

0.214 n. n. 214E+13 109%4.01 SoSE•13 noer.D1 son1r+01 i:T7A.043 4.844.001 2.09E•03 5.S0E+OP

U+235 n. n. 8.4164+00 3.99E+01 9.0E+01 6.21E+02 1.210,0n3 6:04E+03 1.031+68 2.50SO4 2.452+04

1.1.2:12 M. O. 5.405E+35 1.10E4.04 8.04,01 A. M. M: M A O A O.

Ps..221 n. o. 3.0E+01 300E+01 3.42E4,01 5.29E4,0 1 i.A4F+n1 4:811F+02 1.01E+65 t.47E+02 1.47E+03

TH..230 O. o. R.i4E+01 1.13E+02 A.A1F+12 4.0$E.03 4.06A.m1 (1:0?Fanu 6.i1F+04 4.34E+04 1.22E+04

TH•pEq+4 DAGGHTERs n. o. 3.s5E•11 2.s8E+01 1.p2E+D2 1.62E+03 i.IREoma 1.:,-,6E.0n5 20Ss+m5 7.62EsM6 7.39E,05

TH.qmos DAuGHTEas n. n. 1.1 1E+06 2.35E+74 1.41F,02 9.97E..04 6.47,...m3 7.o7F..0? 5.21,..m2 2.70.61 5o6E..01

AD•pE7+7 DAUGHTERS m. n. 8.40E•01 502E+01 F.mirsni 1.46E+01 1.40A+I7 t:oRe.002 1.41,+,13 2.632+03 2.652.105

TH•p32.11 DAUGHTERS n. o. 2.00..04 pobt.03 s.snEsn/ 9.62E-0p 1.101,..n1 p:i'bssom ?.54sin0 1.13E+01 2.712+01

Rp.pas+E DAUGHTER% ft. o. 7.n/E+01 1.0E+05 9.s7F+m3 1.09E+OS cogs•n5 F.iPE.006 4.76F+06 2.92E+06 8.23E+0S

29+210.11 DAUGHTERS n. n. 1.15E+71 5.36E+02 3.,6E+0/ N.61E+74 /.76E.sn5 9:Sls+05 1.02+776 9.95E+05 2.801+05

TOTAL m. n. 7.95E+08 2.79E4478 1.9mE+08 2.14E+07 i.A2E+07 6.60F+ns 6.88rêné 1.06E.06 2.14E+06

URANIUM DOE Im0F/ P. 6, 9o4E+10 3.21E4.00 1.41E4.'10 2.02E-01 b.60F.01 7:69r..02 7.91++n2 5.P4E.02 1.46E-011

A. vALUFS Lf58 rmAN MOE REF.! UESTGNATED AS ZERO.
S. ri.N.2s9. 7 nsuGHTFes ARE QA.225. AC-228; sHw221, AT+217, 91+20, RE1.209 so 10.A0o //Lot nip Tw.s29 sun in.sis /5 91% nR. 714.129.

TH.226, b PAuGHTFRS ARE 44.224, PN.221, P00216 A R1.2i2 AND TL..208 IS IA% Os TO.SPA AND Q0.217 TS 644 OF TM.228.
AC.227, 7 nAu0MTFOS AQF TH.227, RA•223, 4N.2i9, 90.215, P9.211, 9/.211 AND
ro.2!2. 2 nAuGHTERS OF RA.22s AND 40022A A
PA.226, 5 DAIIGHTFPS APS PNw222, P0.21 14,. P9.214, 81.214 ANM Pmw214,
89.2I0. 2 DAuGHTFRS sRF RI•210 ANA P0.810.

NOTE. IN soo0uNTONG Fora THE ADYTVITY 14 THIS MANNE, dRANCWINM DECAY IN THE CASE nF 71.204 (3611 • P0.2i2 (641). AND TL.209
f17 MR LSSS) wAS IGNORED.(83) • 00-271 /91t1 wERF rpoNTED AS A SINGLE nAUGHTER /N EscH CASE. PTNn9 9RAN'nwywn
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TABLE A.4.7a. Hpard Index-7Reprocessing Cycle--Growth Case 3--2010 Reprocessing Startup,
water/MTHMO)

Fission and Activation Products

MAJOR
KAOTONUELEOES 2000

VEAR

POSO 207p 500 '000
 .. ......  

GEmLOMT0 Tyne. f.FAAA 977nkin

KW In0nO 1,000

19755

Inonon
 OOOO ..  ,. 

s000nn 1000000

/4.3 n. 0. 9.49E912 1.01E907 n. D. A. D. D. n. O.

C.I0 n. o.
1.10„13 105E4,03 4.6oF.02 6.110.00 3000..2 0:00.1.0 60019n3 n. O.

.N.4a n. m. 2.412.17 0. m. n. O. n: n. ft. O.

9E915 0. n. 3.0E911 O. n. 0. n. 1: O. O. O.

C0.60 n. m. 1.775.05 0. 0, o. m. D. D. n. O.

42.54 n. 0. 1.912+19 1..61,04 t..5F.mi 1.1020,9 100r.m. 0:00003 4.160+03 1.95E.02 2010E900

NI.PI 0, 0. 9.05E.Ol6 0.59E+05 106E0,00 0.050.10 D. 9: 0. 0. ' O.

32.19 n. 0. losE.os 1.1eto05 1.1 1F.m5 1.177.05 t.mir.mo 4;00.mo 00000110 301E+02 204E000

KR.PS n. n. 0. O. A. n. n. ft: ft. O. O.

R2.1./ n. 0. 1.00E.ot 1.40E.01 1.,00..el 1000.01 1..01,..1 1:Adir.D1 1..91..n1 1•.b4E.01 1.642901

$14.0091.90 n. 1. 9.422.t0 e.17E•0e 9.,3F.n0 n. M. A; n. O. O.

29.84 n. n. 2.12E903 2.12E903 e.io,..,3 P.11E+03 0.110.4,3 p:012,0n3 7.n274,m3 1.6011E.03 1.33E903

43.03m n. 1. 9.092.03 4.23E9.13 ..,9p.n; 9.p39.01 ..p2csn1 4:i9900 9019.0m1 3.39E.03 2.67E903

T2.69 n. o. 0.03E404 9.1sE.004 oolsr.no ti.12E.06 0.m6r•ma 11:9111.na 3.n19.0.10 9.09E903 1.55ul,03

ww.901.om.106 n. n. 2.44E.0I O. n. 1. m. 0. O. O.

P0007 n. n. 3.43E.04 3.42E+0. 3.42p.09 4029909 ...p.r.ma it:ior.n. 4.199019 3.26E909 3.10E1,09

96.1109 n. n. 2.79E-o8 0. O. O. m. 1: 0. O. O.

20.!13m n. n. 2.72E916 2.19E.03 0. 0. m. m: IN. O. O.

$0.125.P7E.125m m. n. 0.064,02 0. n. O. n. m: O. n. 0.

9N.:46.08e.126 n. n. 1.0E015 9.95E+05 9.1.apso5 1.70204 40199005 4:919.02 P.19ron5 1.53E+04 9062902

I.1p9 n. n. 5.1932.02 2.531.0S 4..42013 3.93E901 1.419.0nS 4:429.03 4.41.5m5 3.42E.05 sole+os

e8.1341 o. n. 1.nEE•o6 O. 0. o. m. n: n. O. O.

289,31 n. n. 2.43E503 ?.110E.03 2..or.o3 potoE4,03 p.gtoroo p;i7r0,3 2.74.5o3 2.9nE,03 2.23E903

29.010.9.131 n. 0. 1.t274,09 401E4,04 9.717.11 O. n. n: no O. O.

2E.t09.p9.191 n. n. E.102.04 0.
0. n. n. 1: n. O. O.

p9.111 n. 0. 4.092.03 O. 0. ft. m. ft: O. O. O.

899131 n. n. 1.17E919 6.4429n1 1.9tp.m3 1.92r-I1 m. n: m. O. O.

Eu.132 O. n. 5.n47,003 5.33E.o7 n. 0. n. 0: n. O. O.

Eu.iSo n. o. 2.99E901 5.181.901 209E-tO n. m. n: n. o. O.

EU.,55 m. o• 41.10E.n1 O. 0. O. m. n: A. O. oo

014Fo n. n. 100E010 0. D. 0. D. 6, 0. D. O.

TOTAL m. 1. A.A3E4,10 9.09E+06 1.,62016 I.P32.09 t.P1104 t:msron. 10.139012 6.01E.OS 2.11E,905

URANIUM ORE INOE0 n. n. 5.67p.02 a.652.02 t.asp.mp tottp.Op 1.19..n2 1:its.np 1.039012 6.912.03 6.16E903

A. 1,9049 423$ THAN 1.0F.ln .A77 kE7y Oplita%AtED AS USU.
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TABLE A.4.7b. Hazard Index--Reprocessing Cycle--Growth Case 3--2010 Reprocessing Startup,
m3 water/MTHM(A)

Actinides

RADIONUCLIDES (RI 2000

YEAR

2050 4070 40 nnni 

0FILMIT0 IT0e f7FA9R3FYn.0

900^ 
::::: ::::: ....,..

19,51

1nOmOn • sconv. InnU000

cmApAs n. n. 1.on0,05 1.01t.0$ looir.^5 1.11.Als ..A2A.rA .:,1....ot A.AAAAnl n, O.

DIA.pAs n. O. 1..9E,07 1.36E.n1 t,,c9F.r9 n. 1. n: n. O. o.

Cm.pAs Y. 1. 3.0E+05 a.77E+ni *.A.F.ru n. n. O. O.

CM+242 n. n. 7.75F.n5 1.?1E+05 1,24..nA 7.04A.04 n. 1: r. n. O.

01.444+A.F.234 m, n, s.nsf.oh 5.0.sE9cs 5„,1E.,6 4.0nF.04 p.a R,..is 5:Or.,,4 7.11p.m2 0. O.

01.242H+.40.242 n. n. 9.91 E+NA 7.7DE.n5 70.8r..n4 0.41F.0, n. n. n, n. O.

Am.pat n, n. b.63E+19 %.47t*O4 1..AF.n9 3.95..n9 A.4Sr*nu ‘,,,Ir.,15 4.5r.0,1 0. O.

PU.PA2 m. n. 4.43E+04 4,53E+03 4.44F+T3 ii.46F.m7 4.,2r.r1 (4.,Dr4.01 4..4...n3 1.95E+13 7.A0E+02

PUHEA, M. D. 5.46E.n5 3.43E+0% 30.1E+03 2.1,3EY0R 1.73EYni c:n1c401 0.10r-11 0. O.

PU.P40 M. O. 1.0E.0b R.01E +ob 1.01F.n6 7Fn r.^S I.,"n41.P.A 7.90 6 7 5.4"11 1.
0.

PU.P34 n. n. b.p2E.15 A.A2E+75 7..RF.,0 1.n2E.o4 1.,1.-...o, .,..4w4,05 1.nIE+r5 1.87E+00 1.27E+05

PuHE30 n. O. 0.n3E.1.06 9.A2E+05 1.16.Ar5 I.A4A.0% n. n: n. O. O.

Pu-s36 n. n. 3.49E-02 0. r, r. n. 1: ^. n. O.

NEAE3EAEAAE33 n. 0. 1.42E+n5 2.p1A+05 2.A1E+05 3.2Sr409 4.Ahr.T5 4:›ir.ATS 307,..n5 2.74E+05 2.37E+05

UNINS,T.HESAA, m.

04.2344
n. 1.02s+12 7.42E+02 t.o4A.T2 1.42F+04 1.02r.MP 1,1PF.S2 1.92c.I.S2 1.9pE.Pe i.e2F+02

U.296 n. n. 6.69E.ni 1.n4t-01 1.F...nt 1.15E40, 1.10E+nR i:Or.nR 1.A5R+12 1.01E+02 1.01E+02

u.alits+To.231 n. P. 5. 34E+no 5. aSE7no 5.00F+ro 6 . 1 sr+00 Y . 7 3c.nn ,:orrni 7 07 1 r+P.1 1 .92E•1 1 1 off.ol

th.ut4 n. o. 4.00-+02 9.ISE402 1.,10E.,-, 5 1.11 F.YDR 0.11,REY0? 6:n1F.0 112 7.05F7T2 3.10AE+02 1.42E+02

U.273 n. n. 2.73F.o20 3.o0t.01 A.A7A- .. r,..".3c..14 1.47e+r1 4.7n0F.o3 1.08r+n4 E.5IE.Om 2.44EY0R

U.232 M. O. 4.0s.o0l 4.25e-o1 E.,9E.0 0. n. n: n. n. O.

PA.0p31 D. n. 3.012E+01 3.41E+01 4.05F.ATI EOPE+01 h•5AA4,,1 P.ASW.M? 4sm2r+m2 9.541E+n2 5.53E+02

TH•P30 M. O. 1.11E+02 1.42E+02 2.T4r.r2 7.1hF.1P 1.131r+ml R;10P4,M3 7.76p+,.,3 6.1?E.n3 2.94E+03

TH.q29*7 oAusottots n. O. 1.2PE-ni 1.5bE..01 0.A4Fi,i S.4011 1.11P.m4 7:0c...T5 2.0,e+r5 7.59E,DS 7.36E+OS

T14.228+6 DAUGHTERS n. 0. 8.42E+01 1.77EY00 1.00E.,2 y.RAF.Op ..+0A.Ta 4,r.r30 1.0...,2 5.41E.02 1.18E401

AC.P27+7 DAUGHTERS n. D. 4.92E+0i b.RsE.ot 7.,AF.01 A.nAFAni 7.77r.mp 0.,4F+n2 7.74r.,72 4.00E*02 4.49F+02

THAp3E.Pp DAUGHTERS 9, n. i.92E.n4 1..I4E-03 .R.90F.n3 1.a9F.IP illb,,,r.,,? P....7r.M1 ‘1001r.,1! ?.$1AE,no sosR+on

RAHP26.6 DAUGHTERS ft. O. 1.74E+02 1.37E+03 1.40E+13 2.09'..0A 7.m4r.m4 1.4AF•m% 5.P7r+M5 4.12E+05 1.71F*05

PSAtiosp DAUGHTERS n. n. 303E+11 4.49E+o2 1.i9E+13 1.n2F+DA '.41+++4 1.i7A.5 1.74r+n5 1.40E+05 5.A2E+04

TOTAL M. I. 7.40E+08 3.58E+0$ i.A5E.n8 7.n9E+04  5.Thr+n6 7.4AE.7.96 1.41F+lb 1.62E+ob 1.48E+06

URANIUM ORE INORA n, o. ri.7uE.0,0 4.11E+00 100E4,00 0.10E.1 ...pe.np 1:03.0? 1.I3rY07 1.87E-02 1.42E.'02

A. VALUES LESS THAN 1,0A-10 HAVE PEEN DESTGNATED AS ZEQU,

S. 714.09; 7 OA0GHTFR8 ARE P4.2P5, AC.224; FA.221, 4T.217, 47.213, 48.20+ to:0 T1..404 TA qt IA Tw.424 ANn 40.213 IS 91% ne Tw.p29.

TIC.226, 6 O40OMIER9 APE PA.224, Pv.221, P0.216, P9.212, +1.212 4"!1 945 Jc Ta.2DA A,M 4n.414 79 64% OE TH.22A.

AC.227, 7 MAUGHTFR8 ARE

701.212: 2 DPIISHTFlas aPE
Tw.227, R4.223, RN.214,

P4-228 ANO AC.P28.

40.215, 44.271, .I.211 ,A, 1 TL.407.

RAA226 OPLAHTFRs ARE 4.4.222, PD.21i, Pd.214, 91.214 A.,1 Pn.p1.1.

PlAtiO, 2 DAuGHTERS ARE 01.210 AN() 140.210.

Poor. /N ACCOUNTING FOR THE ACT/vITT IR TN1S RANNER. BRANiyHINO nECAY T'J THE CAAr TF 11.20+ 0+51 . P0.2i2 (OM, AND TL.209

(9%) • 90-231 (41%1 WERE CUONTED AS A SINGLE pAUGHIFQ I., EACH CA8f. "INflO 0,04rNINj MP 1.°88) .48 IGNORE%
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TABLE A.4.8a. Hazard Index-711qprocessing Cycle--Growth Case 4--2000 Reprocessing Startup,
110 water/MTHWA)

Fission and Activation Products

MAJMR
R6070NUCL/DES

..........  
?On0

YE.4

2050 po7j moo 'noo

.E'Ll5ir. T7.11 f+FaOR ikryn+n

mono e+ !non Anon',

1979i

Inonon S00000 1000000

m.3 n. 0. I.RmEmni 1.51E.m7 n, n. n. 0: 4. O. O.

O.10

n6J•044

M.

n.

1.

n.

1.0E+13

1.01E+16

0.00E+02

0.

0.,3C+02

n.

A.60F+1,

n.

w.11o.m2

m.

,247c.m0

m;

0.pbe, 3

n.

D.

D.

0.

O.

FE+19 11. 1. 1.06P+02 0. P. O. n. n: n. O. e.

CO.mo

mi.mo

n.

n.

1.

1.

2.73tmn5

1.17E+10

n.

1.16E+04

1.

I.T4F4.4

1,

I.71P+,9

1.

i.26r+n+

0:

p:44F+n3

n.

0.46+4.n3

0.

1.01nE.n2

0.

203df,00

Ni..00) el. 1. 9.5ok.406 6.67E+c6 i.n4E4,4 A.62p-in n, n: n. n. O.

8E+79 m. n. 1.10E+n5 1..09E+n5 10.47f., 1.00+00 0.a++.0m0 6:456'4.00 3.7E++n+ E.33E+02 2.09E+00

KR++, m. n. D. O. t. 0, n. 0. m. n. O.

99+117 0, 0. 1.m9Emni 1.sŠEm01 1.mmrmll I.Os.-ni 1.05r-n1 i:msFmni 1.0Symni 1.50.01 1.353.01

SR+.0.7.90 0, 4o 5.28F+10 ?1,38E+06 1..SF,01 1. n. 0: n. M. O.

ZR+53 m. 1. 2.n3E+13 2.15E+03 2..45E4.n3 2.n6F+04; a.n41.44.n1 ,:nnr+n+ 1.4614+4.3 1.63E+03 1.29E+03

7411.713,, m. n. 3.101E+13 41.10E+03 6.1nf+^.3 4.0.9.-..nt 6001.+41,4 11:n1 0.4.41 3.42r+n3 3.24E+03 2059E+03

To+419 n. n. 4.1bE•111 go1bE4.04 do e I SE•"4 4 a 1 "..." 11.43r•A4 1:031.1)i) P o CIQC•mtl +.00E+03 1 ol4f•03

RU.104.00M.106 n. o. 1.72F+nn O. n. n. 41. 41: n. 0. O.

P0+107 n. D. 3.7.a.14 3.7sE4.04. 3.46,i; 1.76F.004 1.76t4Oc4 0:+0r,m4 1.736..n6 3.5+E.04 3.41mm0a

ROmIlOm A. 1. 2.77E+17 O. n. n. n. n: n. D. O.

C0+1139

sq.las+YE.Itsn

m.

n.

n.

1.

11.90E+Dh

3.30E+13

0.31E+03

O.

4,

1.

n,

0.

n.

n.

n:

1:

r.

n.

n.

n.

o.

0.

Ou..4264.28.126 n. 1. 6.02+,4's 6.14E+0 5.16E+r5 o.n2F+rs uoiSr•nl 0:4++.0n0 2.406..on5 1.65E+00 S.11E+02

1.1p9 n. 1 5.66E+m5 5.69E.05 5.46E+05 5.64E4m4 0.0.1...n5 4:+9F+n5 0.646.0m5 5.566+05 5.03P.05

CS+134 n. n. 900E+06 O. n. m. m. m: n. 0. O.

CS..130 0. D. 3.n4E4.03 3.n04.03 3.n+F.011 100E+10 T.,011.m3 1:94Srsm3 1.n1+4.n3 2.75E+03 2.0E4.03

C8.427+414+137 n. 0. 142+E.006 1.06E+05 1.n4E+r0 0, n. n: 0. n. O.

CE+0164.1,Rwl641 n. 0. 5.22E+03 O. n. n. m. 1: n. n. O.

1144.111, 0. 0. 1.153m0m n. n. 1. n. M: m. n. O.

Sm+Isi ft. 0. 1.01E+06 7.55E+00 1.n1F+03 2.17F-11 m, n: n. 0. O.

Eumi62 0. m. 1.443Em9a 9.01E+07 n. . n. 1, ft: n. n. O.

EumiSm 0. O. 3.573+07 6.10E+01 3...nf+10 D. m. m: n. 0. O.

EumiSS n. n. 2.12E+02 O. 0. 0. m. 1: P. 0, O.

0714711 n. n. 7.39E+10 D. n. n. n4 n: n. 0. O.

707+1. n. n. 5.41E+10 4.90E+os 1.717+nb 1.277+0+ 1.20r.m. 1:m9r.ons 0.4314.N9 6.23E+05 sokele+os

URANIUM ORE INORic 0. 0. b.p2F+02 40SE+0? 1..emp.m2 1.1.1bF+bP 1.410,..n6 1:p5m.nR lommmn? 7.16E+03 6.73E-03

A. +AIMS LESS 740 1.0k+i0 HOT REEN DES16.0110 SS ZERU.
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TABLE A.4.8b. Hpard Index-7Reprocessing Cycle--Growth Case 4--2000 Reprocessing Startup,
water/MTHWA)

Actinides

RAD7ONUrLID65 (A) 2nn0

YE A9

POSO
...  

R170 sOs gnnn

.....  

OF7L.1 1r:

!COnri

Tyat frFAAA Asynn .9751

ImMnm 5n0n0 inOnnn
.....

570000 lononon

Cm•PA5 n, .1.77E415 A.06.05 4.16Y.0F Y.r.Fron4 7:A3F.n1 .fr(r•n? n 0.

C7-244 n. 1.6.6.16 3.43E..(,1 1.anr.n7 n, n, n. n. 0,

CM.P43 n, n, 7.79Erol 1„car.,i n. 7, O.

Cm-242 n, .a.1F •!In 2.Nns.n6 P„chF., 4 t.n7F.na o, O.

AH.245.0.234 n. n. 1...11E+o7 • niit +07 6.ssr.n. p:T7Y.n5 i.36ranY n. 0.

Rm-2412,4#64-262 n. n. 1.11E..17 100.6.16 1.ananS 1..Ac.n1 n: O.

5H-pal 0. 1. A.70E*0R 2.abE.r, 6.1r.nc A,,AcAng ,:›NcanA 1.10c,on2 0.

PU•242 0,

pu-ITAT

n,

n. 1.1JF.16

7..3E+03

9.P2k.n1

7.6AF.11

6.14A.n4

7.aic•nt

„iay.nY

7.nicana

,:,sr.n2 A.1Ar•^L)

A.10EAO3

n .

l.p4F+01

PU•240 n, h, 3.4SE•ob A.A6E+c6 A,OPA.q, 2.11ran. i.A6r.rA P:44cant. 1.41c.H2 0, O.

PIPTP7o m,

2U-P7A n•

1,

n.

7.A7EonS A.A2E.Cs 0.A7FA-S

2.11E+ob P.A1F.,7

1.53c,04

Y.Ohc.na

1.04r.n

n,

:nhr•na ,04r+H5

:

3.1 oF.nn 2.10F.06

PU-276 m, n. 2.ARE•11 n. n. n. n:

PAR.P77TRA•233 m. o. t.n,44,15 2.47E+05 .5.?)F.anc 1.14,..5 P.76E.005 2.77E+05

1.1.272“0-234. n. H. 1.66F...12 1.45E,s2 1.0Frar2 1.05;.02 i.n5r.,Y :.SA.n? 1.e5E.02 1.'44'402

P2740
U.276 A. o. 8.60E701 4.47E+01 1.nFra.)? .70F.na 2.,3can? 7:^1. .12 97F..02 2015R4,02

U.275,Tw.231 n, CI e S.va64.30 S.3SE•On F.OF.0,0 s.a2c.onm ..narar0 2.765.n1 206E44)1

U.274 n, n, 5.74E4.52 1.S7E+oš 1.nPY.,a 1.03aanl 5.47E.orp 2060.1'02

U.217 n,

U-272 rt,

PA•271 n,

n.

n,

n.

3.51F+,10

T.plE.n1

3.42F.ont

3.66E.Ani P.O.F•,,

1.4156.0o t,iAF-,2

3.01E 411 A ...IF

hogr.H2

n.

Fonc.ni

1.Yar.ni

a.yir.ni ,..ar+n?

2.4RE.An4

7.971.n2

2.41F.0.nA

7.07F7OR

14.270 m, M. 1'.10.E.rp j.01OF+12 I„PeA.01 ›.nOrans e),,gr • n 1.11E.na 3.A1F+07

TH-p29T7 OAUGN7FIES o, n. 2..1E•ot P.n16.01 Ft 4 -2 A,AAA.nA 1.1prana r.nir.n4 7.49E.115 7.77F.001

TH.228.0A DAUGHTERS m. O. 1.5SE..02 3.116,n1 1.0r.nx 7,]ic.nt 7.E1E.0R 1.R6A-01

AC.227+7 OAUGRTARs n. n. 5.16E•ol 6.R6E.01 0.12F.ni 1..pnr.n? I.47E.003 1.1122+03

TH,VEPGR DAUGHTERS n, 0. 1.40-14 1.756.13 a.i47.n1 E.R6F.r.s q.ylymna T.ART-,1 7.A1E+n0 70.0R.00

RA.pR6.c oALIGHTER5 n, 1.n0F.H2 9.40E4...2 1.2he.na h_ctc•n5 *.aTr.,s 7.39E.C'5 2.R6R•ns

P5-210.2 DAUGHTERS n. M. 1.0E4.01 3.1141...C2 1.s5F.o. a.201..na A.40A+n5 ?.5RE4.nS S.7.3FOU

TOTAL m. 7.n5F.08 2.06..06 ..A7r.nA 7.ARA.0,6 P.OaEa.00 1.311F.DA

WIANIUM ORE INDEY n. M.

A. v510.12$ LE5A TwAN 1.0F..10 HAVF EFA

A.I1E.Ann

(rEITt.NATEO A5

1.176.00 .66A

/EQU.

1.411.., 1.r.Pr.n¶ ,:07Y-0Y 7.54o..n2 2.36E.^2 I.F4F.02

B• 70.22G, 7 
DAuGHTFRs ARE RA.2?7, A0.225, Fw.e21, AT.P17, AT-2o, AR.27O A,:r1 ,A AY ,A aNn rn..PIS Is six ns TH.229.

7"224, 6 DAuGHTER-5 OF RAN22a. PH.221. PO.216., PH.212, 0T.21? AA1 TL-POR IS 11A% nr 7•,A7P4 A-n 0n.p1, TS EV% nF TN.22F.

AC.227, 7 nAllAH7FR5 ARF

T4.21?, 2 DAIIGHTFes ARF
TH.2PE, PA.224, RN.216,

PA.276 ar..a.ES.
09.215, A,+.211, .1.211 A..1 71.,^7,

2A.2pé, 5 oauGHTFO5 aRF
126.210, 2 oAuGHTERs OF

0N.???. pn.plo. RS.21[11.
gl.21n ANn P0.210,

MI.214 ia,n

NWT. IN ACrOuNTTNG FoR 71.4F Ar7T
(DE) - prI•ell (01E) .nEGF

4TT7 IV TmIS MANNFQ,
ANTED AS A SP,GLE: rIsUGHTf.

TN, nErAr THF niAn nF 71.0n. r3.5) . 00.?i2 (kW, ANO TL.2O4

I, FAnH CASF. ..TNns nri1kr4TVI fit rIM LFSS) .AS IoHni0FD.
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TABLE A.4.9a. Hazard Index-74processing Cycle--Growth Case 5--2000 Reprocessing Startup,
mi water/MTHWA)

4404
RAO7ONUELIDEA EOM, PcIS 717o 5nv innn 401n 1 nOnn CIAAnn InAnOn sno000 1000n04

  .... ........

M.3 n. n. 1.44k4O3 1..0E-07 ^, n, n, ft: n. A. O.

C+1E n. 1. 1.n0413 401E+fl? 9.24.,12 s.s9rA"7 1.117+AP 7.077."7 40'67"i O. O.

$41.14 n. n. 200F.n(, 0. n. 1. n. n: ,. O.

ig.!45  n. ,.. ?.6.P.1-)e n. n. n. n. 1. n• Q. O.

Co.to n. n. 3.R4Es1s 1, n. n. n: n. n. 0.

4/..411 A. 1. 1.17E+1+ 1.36E.C. 1.10F.041 1.71 7.0+ I.ASF.n• m:.7....3 c.75...A3 1.00E4.02 2.37E+00

41.43 n. n. 4.44E+1+ u.541405 1.n6F.14 A.A5F.1A A. n: n. 1. O.

20.+41 n. n. 1.0E4.'5 1.19E.AnS 1.n96..A5 i.mav.ls A...4-.nu &;ahr.A4 A.79r.n4 R.34E.0p 2.S9F+00

KA.A5 in. n. A. 1. A. n. n. 1: n. 11A O.

41.0+ n. n. 1.c..n1 1.y4t.c1 1.A.F.A1 I.Sac.A, 1.car.mi 1.54r.mt 1.i4reMi 1.50E.01 1.541.01

SR.00.0.410 ft. n. S.70.10 p.snt•An t.,AF.A1 n. A. n. A. I. O.

ZR.03 A. I. 2.0nE.A3 P.A5E.D5 p.ncF.nA 2.n5A.A1 A.n4r.A1 A.ntle.r4 1..6...n3 1.63E+03 1.04E+0E

Np..4iEm n. ". 3.70,7"4 +.0E+0š A.A..p.A A.AQF.AA n.n.a++AS u.nir.A3 1.02+A.A3 4.26E+03 2.10/1'003

TC.09 A. A. ZI.I.P•/id a.lAteOl. 4.17F•14 +.12F•na ...5....4 A,ANA•nu 3.nlw.n4 9.041E+03 I.RSEPOI

Ru..9064,op.106 n. f'. 2.ASE.An A. n. n, n. n: n. n. O.

ED4707 A. n. 3...,F.,4 1.10E...04 A..,.A.,,A 3.45renn 1.05r+n4 1.++7."7 7.427*A4 Yi.b7E•04 3.49[4.04

A6+110 n. n. 4.A;6.17 'A el. 0. m. 0: n. O. O.

00..,13M me. n. s.,,IF.16 o.AFE-63 o, n. n, n: n. n. O.

So.f2s4.11.125.4 n. 1. 4.4.0P.s n. ,„ 1. ,,„ 1: A. n. O.

$04.426.$4.126 n. n. 5.0,4415 50400S 'S•ANF4.^5 5.11F.AS A.eAr.ns A:7.4•rs A.AsA.ns 1.66E.fte 5.1.0r.02

1.1E9 n. n. 5.72E.5 500E4.05 ,.,,E.,,, 5.7?(..n% 9.7?,mm% 4:i1ronS 4.70ronS g.finE.09 Š.PRUPOS

C8-134 n. A. b.75E.n6 n. n, n. n. S. n. n. O.

ES•1ES n. 4. 3.144.15 3.141E.A3 A.,AF.ni 3.1+7.01 Voir.m3 v:j0r,m1 A.A+A•n3 2.00E+03 2.44E4,03

211+1374,4A+1E? n. 38 1 .41E40()O 1.1,4E4,09 10'4F:4000 ,O• ,• n: ,?. 1. O.

CE.,44+++.144 A. n. 7.f6F.n3 O. A. A. n. n: A. 0. e.

P4+44,7 n. 0. 1.41E4:14 M. m. A. n. A. A. O.

114+151 n. D. 1.Ant.An 7...2E.A4 1.0.r.,13 2.15E.II n. n: A. n. O.

gu-iŠP n. A. 1.72E+14 104L.06 A. O. n. n: m. O. O.

Iti.jSa rt. n. 6.16E.17 9.67E-ol 30.4F.10 r.. '. A. 0, O.

EU+1E5 ft. n. 0.44fon2 O. 1. n. n: ". O. O.

OTMFR el. .1. 1.,4E.,4 P. P. n, n., n: n. 0. O.

Tivrol. n. n. 4.47E410 4.55E+04 1.70E.,6 1.04E4D+ 4.0774,6 1.1n4.n6 4.+5e.n5 4.31E.05 5026.09

uPPpluP OPE INOPI "A I. ..751T,..q. S.Ajt.pe I.AiE.12 1.41.7-A4 1.0+.n? 1.a7c.nR 1.10r.A2 7.24E+03 6.41E+03

Fission and Activation Products

A1.4 qE"L.1"7r 77sr fvVAAsArvA., A 197.5i

A. VALUES LESS +4AN i.OF-in .AAF FEE, DESTL.,,ATE, As LEigl.
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TABLE A.4.9b. H4zard Index-7Reprocessing Cycle--Growth Case 5--2000 Reprocessing Startup,
mi water/MTHWA)

YE A k

Actinides

frcAAA iy,s;

RAPTONUCLIDES (S) 20°0 205:1 SOO qt)0(1 SOTI lrOrr Re, lnr, lrrnnn 50rnrr InnonOn

CM.pits n. 0. 5.;',F.,)5 5.40t,M5 ...SA.An'n 4.71r.mq p.norAms elcir.n3 1.pAr.m2 0, O.

Os.sas n. I. 2o47F+1. 4.3bt.r.1 P.1if.'7 'I • . n . n. O.

OsApAS 0. m. 5.45E..,5 9..9.01 1.70F.r.3 1, m. n. n. 0. 0,

CAloPdt? 0. n. 1.o.A.A.mb „.A.ALA,Oti 3.6PA.m4 AO1F.m1 1. 0: el. m. O.

AM.,4340.230 M. n. 1.7!iA+17 1.20t4.07 loAr.ml 7.m9c.nk g.m5r.mb 4:,5r.05 I.A5A.n3 n. O.

AM..pieR1AM*24p 0, 1. 1.0F.An7 1.87A.Mn 1.m1FAIS p.A.RA.mA n. n: m. m. 0.

Am.ssi n. n. 4.7".0k 4.1s 20.2t,r4 iosAAnS .5.7.sEAng 0.40g.n5 A.c2v.n1 1.34r+m2 n. 0.

PA.pea 0. n. 1.M,1+1A 1.1SE. 1.IAFA..46 t.laA.me 1.0cAn4 1:,,A.mil 4.A5r..mA 4.60EAn3 1.A4FT03

Pu.ist n. n. 1.A'E.ont, 1.nRIC,. 1.,4F+n4 7.021-.),1 4.,,Pr.,.4 1:71F+n? P.c7e.nn n. O.

PU-p00 n. n. 4.5,4.1b 5.19E.n6 14.TSA.,b A.Td.r 1,n7r+e,k 1,,SA+n4 1.gAr+A A. O.

PLIAP39 n. n. A.44AA,5 4.1tAsC5 1.^#4..rh 1.7iT•Ao. 3.1Re..,!. 1,21T.Ah x.nAAAns s.51.FAnn 2,19F-06

PLIAMA In. n. 1.4n6.017 2.61t.n6 7.,AAAn5 A.mgc..0.1 n, n: mt. n. 11.

PU.P36 n. n. 4.sAFA12 1. n. .... n. n: 1. n. 1.

NIA.p37,APA•233 0. n. 1.76E+16 2.32t.05 ?.ASAAnS s.nAAAng A.,,ocAns /:,6AAn5 s.npAA,s A..65EAn5 R.PSATTA

U.psSATHA23s. n. n. 1.64E+12 1.66E+12 1.46sAn2 f.snA...ns ...6A,A,P 1:fle,A..,, 1.e6A*.2 1.96EAnR 1..11F.An?
PA.. 10,

11..2116 is. n. 7.*2E.1.11 .4.92E4n1 1...0AA12 1.14F•nR ,.42...n? 2:..4r.n7 1.74r+n2 3.30E+02 3,7SF.1.02

U.2R5.4.,..231 O. 1. 5.1 4F+10 5.25E+00 colSr.nn 6.411P.nn A.,7r.nn ,:21c.01 ?.asA..ni 3.nswit 3..A+nt

U.2741 0. n. 5.0E4'12 t.72t.•03 2.OF.1.,3 ?..1 6F.12 ).14F.,,A i:eir.,..1 i.or...,m solf..n? p.140•0p

U..?” n. n. P.°T:),) 3A40t.01 '..,,k;A,1 '..q2FA ..Alr+nl 5:71.'..e.A 1.n3A+m0 P.341..nA 2.W..041

U.Ssp n. n. 10.1E+14 3.72E.T2 P.A2T.11 n. n. 1, n. n. O.

PA.PII m. ,.. 3.53E+11 3.62E+01 3.1SA•m1. 4.A1F.M1 s..P4[4.A1 T:nAr.AP k.11c.A? A.S2E.0? R.02F+02

TWAI30 n. n. s.AsEA..1 i.tbEAn p../F.A? 1.xS!...111 a.0,r,A3 1,n,r.A4 I.Axe.IA 1.21E+nA A.12F.An3

TN-sails, DAuSsTERS O. n. 1.7,4F..n1 1.A3L.01 1.n7F•12 1.,if.**01 1.,hr.mq 1:/aF+,5 p.ppr.oni 7.A06.65 6.66A+n5

TH.swk DAuskTAss n. n. 3.0F+94 6.41E4.C2 5...IF.,1 4.a4p'.06 1.1?..n1 1:,7c.n. ..A.A-n2 4.I.E.02 1.43F..01

*CAW*? DAV:STARS n. n. 4.67E+11 6.43E.Ol Aonp,n1 SOmFA.ml i.ihr,n2 5.v.m2 1.n0e.An3 i.SAE.ns I.s6sA03

TH.41242 oAoloTsgs n. 1. 1.0e.14 1.611-Ci I.A.JEAni 2.s6E-nA R.,15r... 1:04....,1 10,4r.n1 3.04E..en 7.6bA.00

RA..p26+, OAUSHTEsS 0, O. E.Am"N R.A2t+C-2 1.,9F.li C."04( 1.10r.,,S 7:paA.T,A loir.onh A.17E+ns 2.77c+n5

pos..PIOAr, DAUSwTsiTs ft. n. 1.0E+nl poiat4.02 1.1PF.,,i 1.P0P+14 4.7.r.ma 7.,ISF,F,‘ 1.7Sr.AS P,18F.AS s.AusAnA

TOTAL M. 0, T.T5P.16 206E4'o" 1 .*(A,,A 1.AIFT'7 1.APT.A7 ,...up.^$, ,02,0A1. 2.I2E4013 1.1.5FenA

URANIUM ORE INOFA n. n. R.121E+00 3.17t+nl 1o2F,n0 1.6AF.01 1.17w.ml 11;,1r.mp P.7MA..m2 2.AAE.^2 1.c.AE..A2

A.
S.

6ALUES LESS THAN t.OAAJn woes PEE, OlgyriNATED AS /FNU.
701•2p9. 7 nAlIONTAss ARE PA.??S, At..225; F....221. .7.217, eT.po. pi.eno 11,1 ti.,no Ta ot nr T.Appfl tr.r, m0.213 IS RAY OF TI.-329,
T.+62p6, 6 nAuGHTFos OAF RA..224, Rt..22m, R0.216. M2.212. A ..:a TL-np TS ARA nr T.4.7,14 A..0 on..21p .9 bat OF Tm-224.
ACm227. 7 VAUBNIFRS ARA Ti....ppT, PAA22%, 00.415, Po.211. 0 1.211 A"r 71.'67,
70.2!2, 2 0RUGHTFRS OF MA.2pA sNr AC.A25,

PAA2p6A S DAUGMTFAS Of PA.222. Fn.214 06.21A, 81.218 Ain

P8.2I0. 2 nANGHTFIRS ARF PT.21n ANn RO.Aln,

NOTE. IN ACCOUNT/NG FoR tof Arilv/7. TH THTS mANNEk, OhANr.INn OfcAr T...E CARA AF TI .70A (50,t) (bat), AN!)
- 10.2A1 (OW AER5 fjltitiAD 65 A SINSLE nALIGHTA+ EAr.. CASF. etrit•mt.HP,1 (IT AO LFSS.) AAS TV"IQE1.

TL.209
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A.5 SUPPLEMENTARY DOSE TABLES 

The radiation dose tables (A.5.1a

and world-wide doses. Each table, one

sing cycle, is composed of four tables.

and thyroid doses.

through A.5.2d) provide detail on regional population

for the once-through cycle and one for the reproces-

Each sub-table provides the whole-body, bone, lung
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TABLE A.5.1a. Whole-Body Dose to the Population for the Once-Through Cycle, Man-Rem

Repository
Start-Up Storage of BWR Fuel PWR Fuel
Date Spent Fuel Shipments Shipments TotalCase Growth Assumption

1 Present Inventory None 2.18 x 10-1 0 0 2.18 x 10
-1

1 1990 1.30 x 10-1 1.64 x 101 1.97 x 101 3.62 x 101

1 2010 1.53 x 10-1 1.64 x 101 1.97 x 101 3.62 x 101

1 2030 1.68 x 10-1 1.64 x 101 1.97 x 101 3.63 x 101

2 Present Capacity to Retirement None 1.63 x 100 3.32 x 101 5.57 x 101 9.05 x 101

2 1990 9.17 x 10-1 8.21 x 101 1.18 x 102 2.01 x 102

2 2010 1.33 x 100 1.01 x 102 1.50 x 102 2.53 x 102

2 2030 1.54 x 100 1.05 x 102 1.57 x 102 2.64 x 102

3 250 GWe in 2000 and Decline
to 0 in 2040

None 7.92 x 100 1.77 x 102 2.98 x 102 4.83 x 102

3 1990 4.41 x 100 3.65 x 102 5.66 x 102 9.35 x 102

3 2010 6.35 x 100 4.81 x 102 7.61 x 102 1.25 x 103

3 2030 7.61 x 100 5.10 x 102 8.10 x 102 1.33 x 103

4 250 GWe in 2000 and Steady 2000 6.73 x 100 5.49 x 102 8.64 x 102 1.42 x 10
3

.to 2040

4 2020 9.18 x 100 6.75 x 102 1.08 x 103 1.76 x 103

5 250 GWe in 2000 and 500 GWe
in 2040

2000 8.68 x 100 7.20 x 102 1.14 x 103 1.87 x 10
3

5 2020 1.25 x 101 9.00 x 102 1.44 x 103 2.35 x 103

TABLE A.5.1b. Bone Dose to the Population for the Once-Through Cycle, Man-Rem

Case Growth Assumption

Repository
Start-Up
Date

Storage of
Spent Fuel

BWR Fuel
Shipments

PWR Fuel
Shipments Total

1 Present Inventory None 4.46 x 10-1 0 0 4.46 x 101

1 1990 2.55 x 10
-1

0 0 2.55 x 10-1
1 2010 3.06 x 10-1 0 0 3.06 x 10-1
1 2030 3.41 x 10-1 0 0 3.41 x 10-1

2 Present Capacity to Retirement None 2.30 x 100 0 0 2.30 x 10°

2 1990 1.75 x 100 0 0 1.75 x 100

2 2010 2.63 x 100 0 0 2.63 x 100

2 2030 3.07 x 100 0 0 3.07 x 100

3 250 GWe in 2000 and Decline
to 0 in 2040

None 1.58 x 101 0 0 1.58 x 101

3 1990 8.29 x 100 0 0 8.29 x 100

3 2010 1.24 x 101 0 0 1.24 x 101

3 2030 1.51 x 101 0 0 1.51 x 101

4 250 GWe in 2000 and Steady
to 2040

2000 1.29 x 101 0 0 1.29 x 101

4 2020 1.81 x 101 0 0 1.81 x 10
I

5 250 GWe in 2000 and 500 GWe
in 2040

2000 1.69 x 101 0 0 1.69 x 101

2020 2.46 x 101 0 0 2.46 x 101
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TABLE A.5.1c. Lung Dose to the Population for the Once-Through Cycle, Man-Rem

Case Growth Assumption

Repository
Start-Up
Date

Storage of
Spent Fuel

BWR Fuel
Shipments

PWR Fuel
Shipments Total

1 Present Inventory None 9.85 x 10
-2 0 0 9.85 x 10

-2

1 1990 7.00 x 10
2 0 0 7.00 x 10

-2

1 2010
-27.22 x 10 0 0 7.22 x 10

-2

1 2030 7.61 x 10
-2 0 o 7.61 x 10

-2

2 Present Capacity to Retirement None 7.58 x 10
-1 0 0 7.58 x 10-1

2 1990 5.14 x 10-1 o 0 5.14 x 10-1

2 2010 6.42 x 10-1 0 o 6.42 x 10-1

2 2030 7.18 x 10-1 o 0 7.18 x 10-1

3 250 GWe in 2000 and Decline
to 0 in 2040

None 3.73 x 100 0 0 3.73 x 100

3 1990 2.58 x 100 0 0 2.58 x 100

3 2010 3.18 x 100 0 0 3.18 x 100

3 2030 3.59 x 100 0 o 3.59 x 100

4 250 GWe in 2000 and Steady
to 2040

2000 3.70 x 100 0 0 3.70 x 100

4 2020 4.46 x 100 0 0 4.46 x 100

5 250 GWe in 2000 and 500 GWe
in 2040

2000 4.92 x 100 0 0 4.92 x 100

5 2020 6.02 x 10° 0 6.02 x 100

TABLE A.5.1d. Thyroid Dose to the Population for the Once-Through Cycle, Man-Rem

Case Growth Assumption

Repository
Start-Up
Date

Storage of
Spent Fuel

BWR Fuel
Shipments

PWR Fuel
Shipments Total

1 Present Inventory None
-1

3.83 x 10 0 0 3.83 x 10-1

1 1990 3.93 x 100 0 0 3.93 x 100

1 2010 3.99 x 100 0 0 3.99 x 100

1 2030 4.04 x 100 0 o 4.04 x 100

2 Present Capacity to Retirement None 2.38 x 100 0 0 2.38 x 100

2 1990 2.49 x 101 0 o 2.49 x 101

2 2010 2.55 x 101 0 0 2.55 x 101

2 2030 2.60 x 101 0 0 2.60 x 101

3 250 GWe in 2000 and Decline
to 0 in 2040

None 1.06 x 101 0 0 1.06 x 10
1

3 1990 1.25 x 10
2 0 o 1.25 x 102

3 2010 21.27 x 10 0 o 1.27 x 102

3 2030 1.30 x 102 0 0 1.30 x 102

4 250 GWe in 2000 and Steady
to 2040

2000 1.65 x 10
2 0 0 1.65 x 10

2

4 2020 1.69 x 10
2 0 0 1.69 x 102

5 250 GWe in 2000 and 500 GWe
in 2040

2000 2.24 x 10
2 0 0 2.24 x 10

2

5 2020 2.29 x 102 0 0 2.29 x 102



TABLE A.5.2a. Whole-Body Dose to the Population for the Reprocessing Cycle, Man-Rem

Case Growth Assumption

Reprocessing
Start-up
Date

Repository
Start-Up

Date
Storage of
Spent Fuel

BWR Fuel
Shipments

PWR Fuel
Shipments

FRP
Treatment

System

MOX-FFP
Treatment
System

Reprocessing
Waste

Shipments Total

3 250 GWe in 2000 and 1990 1990 1.34 x 100 2.33 x 102 3.92 x 102 3.18 x 104 2.97 x 10-1 5.97 x 102 3.31 x 104
Decline to 0 in 2040

3 1990 2010 1.34 x 100 2.33 x 102 3.92 x 102 3.18 x 104 2.97 x 10-1 5.97 x 102 3.31 x 104

3 2010 2010 5.24 x 100 3.47 x 102 5.82 x 102 1.14 x 104 6.55 x 10-2 5.78 x 102 1.29 x 104

3 1990 2030 1.34 x 100 2.33 x 102 3.92 x 102 3.18 x 104 2.97 x 10-1 5.97 x 102 3.31 x 104

3 2010 2030 5.24 x 100 3.47 x 102 5.82 x 102 1.14 x 104 6.55 x 10-2 5.78 x 102 1.29 x 104

4 250 GWe in 2000 and 2000 2000 3.84 x 100 3.78 x 102 6.35 x 102 3.07 x 104 2.91 x 10-1 7.74 x 102 3.25 x 104
Steady State to 2040

4 2000 2020 3.84 x 100 3.78 x 102 6.35 x 102 3.07 x 104 2.91 x 10-1 7.74 x 102 3.25 x 104

5 250 GWe in 2000 and 2000 2000 4.73 x 100 4.94 x 102 8.30 x 102 4.34 x 104 5.03 x 10-1 1.05 x 103 4.58 x 10
4

500 GWe in 2040

5 2000 2020 4.73 x 100 4.94 x 102 8.30 x 102 4.34 x 104 5.03 x 10-1 1.05 x 103 4.58 x 104

TABLE A.5.2b. Bone Dose to the Population for the Reprocessing Cycle, Man-Rem

Case Growth Assumption

Reprocessing
Start-up
Date

Repository
Start-Up
Date

Storage of
Spent Fuel

BWR Fuel
Shipments

PWR Fuel
Shipments

FRP
Treatment
System

MOX-FFP
Treatment
System

Reprocessing
Waste

Shipments Total

3 250 GWe in 2000 and 1990 1990 2.01 x 100 0 0 2.50 x 104 6.43 x 100 0 2.50 x 10
4

Decline to 0 in 2040

3 1390 2010 2.01 x 100 0 0 2.50 x 104 6.43 x 100 0 2.50 x 104

3 2010 2010 9.15 x 100 0 0 8.55 x 102 1.42 x 100 0 8.66 x 102

3 1990 2030 2.01 x 100 0 0 2.50 x 104 6.43 x 100 0 2.50 x 104

3 2010 2030 9.15 x 100 o 0 8.55 x 102 1.42 x 100 0 8.66 x 102

4 250 GWe in 2000 and 2000 2000 6.31 x 100 0 0 1.49 x 104 6.31 x 100 0 1.49 x 104

Steady State to 2040

4 2000 2020 6.31 x 100 0 0 1.49 x 104 6.31 x 100 0 1.49 x 104

5 250 GWe in 2000 and 2000 2000 7.67 x 100 0 0 1.81 x 104 1.09 x 10
1

0 1.81 x 10
4

500 GWe in 2040

5 2000 2020 7.67 x 100 0 0 1.81 x 104 1.09 x 101 0 1.81 x 104



TABLE A.5.2c. Lung Dose to the Population for the Reprocessing Cycle, Man-Rem

Case Growth Assumption

Reprocessing
Start-up

Date

Repository
Start-Up

Date
Storage of
Spent Fuel

BWR Fuel
Shipments

PWR Fuel
Shipments

FRP
Treatment
System

MOX-FFP
Treatment
System

Reprocessing
Waste

Shipments Total

3 250 GWe in 2000 and
Decline to 0 in 2040

1990 1990 6.44 x 10 
1

0 0 1.84 x 106 1.17 x 100 0 1.84 x 106

3 1990 2010 6.44 x 10  1 0 0 1.84 x 106 1.17 x 100 0 1.84 x 106

3 2010 2010 2.53 x 100 0 0 4.34 x 104 1
2.56 x 10- 0 4.34 x 104

3 1990 2030 -16.44 x 10 0 0 1.84 x 106 1.17 x 100 0 1.84 x 106

3 2010 2030 2.53 x 100 0 0 4.34 x 104 2.56 x 10-1 0 104

41:1 4 250 GWe in 2000 and 2000 2000 1.85 x 100 o o 1.10 x 106 1.13 x 100 0 x 1 
Steady State to 2040

4 2000 2020 1.85 x 100 0 0 1.10 x 106 1.13 x 10
o

0 1.10 x 106

5 250 GWe in 2000 and 2000 2000 2.28 x 100 0 0 1.33 x 106 1.98 x 100 0 1.33 x 10
6

500 GWe in 2040

5 2000 2020 2.28 x 100 0 0 1.33 x 106 1.98 x 100 0 1.33 x 106

TABLE A.5.2d. Thyroid Dose to the Population for the Reprocessing Cycle, Man-Rem

Case Growth Assumption

Reprocessing
Start-up
Date

Repository
Start-Up

Date
Storage of
Spent Fuel

BWR Fuel
Shipments

PWR Fuel
Shipments

FRP
Treatment
System

MOX-FFP
Treatment
System

Reprocessing
Waste

Shipments Total

3 250 GWe in 2000 and 1990 1990 9.88 x 10-1 0 0 4.82 x 104 3.49 x 10-9 0 4.82 x 10
4

Decline to 0 in 2040

3 1990 2010 9.88 x 10-1 0 0 4.82 x 104 3.49 x 10-9 0 4.82 x 10
4

3 2010 2010 4.71 x 100 0 0 2.99 x 10
4 . 10

7.64 x 10 0 2.99 x 10
4

3 1990 2030 9.88 x 10-1 0 0 4.82 x 104 3.49 x 10-9 0 4.82 x 10
4

3 2010 2030 4.71 x 100 0 0 2.99 x 104 7.64 x 10-10 0 2.99 x 10
4

4 250 GWe in 2000 and 2000 2000 3.16 x 100 0 0 5.40 x 104 3.36 x 10-9 0 5:40 x 10
4

Steady State to 2040

4 2000 2020 3.16 x 100 0 0 5.40 x 104 3.36 x 10-9 0 5.40 x 10
4

5 250 GWe in 2000 and 2000 2000 3.87 x 100 0 0 7.55 x 104 5.88 x 10
9

0 7.55 x 10
4

500 GWe in 2040

5 2000 2020 3.87 x 100 0 0 7.55 x 104 5.88 x 109 0 7.55 x 104
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A.6 RESOURCE COMMITMENTS 

Resource commitment tables (A.6.1 through A.6.3) list requirements by resource for all

of the cases analyzed. The first table lists requirements for the once-through cycle; the

second lists requirements for the reprocessing fuel cycles; and the third lists require-

ments for shipping casks.
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TABLE A.6.1. Resource Commitments With the Once-Through Cycle

Repository Repository Electricity,

Growth Assumptions Startup Date Media Steel, MT Cement, MT Diesel, M3 Gasoline, M3
,

Propane, M' KW - hr
Manpower,

Man - Year

Present Inventory None 0 0 0 . 0 0 0 0

1990 Salt
Granite
Shale

6.8 x 103
1.4 x 102
8.8 x 10;

3.4 x 103
4.4 x 103
4.8 x 103

5.7 x 101
5.3 x 101
6.0 x 101

1.8 x 103
2.5 x 10;
2.3 x 103

2.5 x 102.
3.4 x 10,,
3.7 x 104

1.7 x 10.13
1.9 x 100
2.0 x 108

2.4 x 103
2.8 x 103
3.1 x 103

Basalt 1.4 x 104 3.8 x 103 5.3 x 104 2.1 x 103 2.8 x 102 1.9 x 108 3.1 

1(132010 Salt 6.8 x 103 3.4 x 103 5.7 x 104 1.8 x 103 2.5 x 102 1.7 x 108 2.4 : 103
Granite 1.1 x 104 3.5 x 103 4.9 x 104 2.0 x 103 2.7 x 102 1.5 x 108 2.2 x 103
Shale
'

8.8 x 10; 4.8 x 103 6.0 x 104 2.3 x 103 3.7 x 102 2.0 x 108 3.1 x 103
Basalt 1.1 x 104 3.0 x 103 4.9 x 104 1.7 x 103 2.2 x 102 1.5 x 108 2.5 x 103

2030 Salt 6.8 x 103 3.4 x 103 5.7 x 104 1.8 x 103 2.5 x 102 1.7 x 108 2.4 x 105
Granite
Shale
Basalt

8.4 x 103
8.8 x 103
8.1 x 103

2.6 x 103
4.8 x 103
2.3 x 103

4.5 x 104
6.0 x 104
4.5 x 104

1.5 x 103
2.3 x 103
1.3 x 103

2.0 x 102
3.7 x 102
1.7 x 102

1.1 x 108
2.0 x 108
1.1 x 108

1.7 x 103
3.1 x 103
1.9 x 103

Present Capacity to Retirement None 2.1 x 105 4.9 x 105 1.1 x 105 4.7 x 104 7.0 x 103 5.2 x 108 3.2 x 104

1990 Salt 9.2 x 104 1.3 x 105 3.4 x 105 2.3 x 104 3.3 x 103 1.3 x 109 2.4 x 104
Granite
Shale
Basalt

1.3 x 105
8.8 x 102
1.2 x 105

1.3 x 105
1.2 x 105
1.2 x 105

2.9 x 105
3.1 x 105
2.9 x 105

2.5 x 104
2.1 x 104
2.3 x 104

3.5 x 103
3.4 x 103
3.1 x 103

1.2 x 109
1.1 x 109
1.2 x 109

2.3 x 104
2.3 x 104
2.6 x 104

2010 Salt 2.2 x 105 4.2 x 105 4.1 x 105 5.1 x 104 7.5 x 103 1.6 x 109 4,3 x 101
Granite 2.2 x 105 4.2 x 105 3.2 x 105 4.8 x 104 7.1 x 103 1.2 x 109 3.7 x 104
Shale 2.1 x 105 4.2 x 105 3.8 x 105 4.9 x 104 7.6 x 103 1.4 x 109 4.2 x 104
Basalt 2.3 x 105 4.2 x 105 3.3 x 105 4.7 x 104 6.8 x 103 1.2 x 109 3.9 x 104

2030 Salt
Granite
Shale

2.6 x 105
2.6 x 105
2.4 x 105

5.1 x 105
5.1 x 105
5.1 x 105

4.2 x 105
3.3 x 102
3.6 x 10°

6.0 x 104
5.7 x 104
5.6 x 10!

8.8 x 103
8.4 x 103
8.5 x 103

1.7 x 109
1.3 x 109
1.3 x 109

4.9 x 104
4.3 x 104
4.5 x 104

Basalt 2.7 x 105 5.1 x 105 3.4 x 105 5.6 x 104 8.1 x 103 1.3 x 109 4.5 x 104

250 GWe in 2000 and Decline to None 1.1 x 106 2.6 x 106 6.0 x 105 2.5 x 105 3.7 x 101 2.8 x 109 1.7 x 105
0 in 2040 1990 Salt 3.0 x 105 2.8 x 105 1.6 x 106 7.9 x 104 1.1 x 101 6.1 x 109 8.9 x 104

Granite 4.9 x 105 3.0 x 105 1.4 x 106 8.6 x 104 1.3 x 104 5.8 x 109 9.4 x 104
Shale 2.9 x 105 2.9 x 105 1.5 x 100 7.5 x 104 1.2 x 104 5.4 x 109 8.6 x 104
Basalt 4.8 x 105 2.7 x 105 1.4 x 106 7.8 x 104 1.1 x 104 5.8 x 109 9.9 x 104

2010 Salt 8.8 x 105 1.6 x 106 1.9 x 106 2.0 x 105 3.0 x 104 7.3 x 109

..
Granite
Shale

1.0 x 106
8.6 x 105

1.6 x 106
1.6 x 106

1.6 x 106
1.8 x 106

2.1 x 105
2.0 x 105

2.9 x 104
3.0 x 104

6.4 x 109
6.4 x 109

1.7 
ifi

Basalt 1.0 x 106 1.6 x 106 1.5 x 106 1.9 x 105 2.8 x 104 6.4 x 109 1.8 x 105

2030 Salt 1.3 x 106 2.5 x 166 2.1 x 106 2.9 x 105 4.3 x 104 8.1 x 109 2.4 x 105
Granite 1.3 x 106 2.5 x 106 1.7 x 106 2.8 x 105 4.0 x 104 6.2 x 109 2.1 x 105
Shale 1.2 x 106 2.5 x 106 1.9 x 106 .2.8 x 105 4.2 x 104 6.7 x 109 2.2 x 105
Basalt 1.2 x 106 2.5 x 106 1.6 x 106 2.7 x 105 3.9 x 104 6.2 x 109 2.2 x 105

250 GWe in 2000 and Steady State
to 2040

2000 Salt
Granite

6.6 x 105 9.3 x 105 2.3 x 106 1.6 x 105 2.4 x 104 9.3 x 109 1.7 x 105

Shale
9.0 x 105
6.4 x 105

9.4 x 105
9.3 x 105

1.9 x 106
2.1 x 106

1.7 x 105
1.6 x 105

2.4 x 104
2.4 x 104

7.480 x lir
9

1.6 x 105
1.5 x 105

Basalt 8.1 x 105 9.5 x 105 1.9 x 106 1.6 x 105 2.3 x 104 7.4 x 109

100:2020 Salt 1.4 x 106 2.4 x 106 2.7 x 106 3.0 x 105 4.5 x 104 1.0 x 1010 2.7 :
Granite 1.4 x 106 2.4 x 106 2.2 x 106 3.0 x 105 4.3 x 104 8.3 x 109 2.4 x 105
Shale 1.2 x 106 2.4 x 106 2.4 x 106 2.9 x 105 4.4 x 104 8.2 x 109 2.4 x 105
Basalt 1.4 x 106 2.4 x 106 2.2 x 106 2.9 x 105 4.2 x 104 8.3 x 109 2.5 x 105

250 GWe in 2000 and 500 GWe in
2040

2000 Salt
Granite

7.8 x 105
1.1 x 106

1.0 x 106
1.0 x 106

3.0 x 106
2.6 106

1.9 x 105
2.0

2.8 x 104 1.2 x 1010 2.1 x 105

Shale 7.4 x 105 1.0 x 106
x

2.8 x 106
x 105

1.8 x 105
2.9 x 104
2.9 x 104

1.0 x 1010
1.0 x 1010

2.0 x 105
2.0 x 105

Basalt 1.1 x 106 1.0 x 106 2.6 x 106 1.8 x 105 2.7 x 104 1.1 x 1010 2.1 x 105

2020 Salt
Granite

1.6 x 106 3.1 x 106 3.6 x 106 3.9 x 105 5.7 x 104 1.4 x 1010 3.4 x 105

Shale
1.8 x 106 3.1 x 106 2.9 x 106 3.7 x 105 5.5 x 104 1.4 x 1010 3.1 x 105

Basalt
1.6 x 106 3.1 x 106 3.2 x 106 3.6 x 105 5.6 x 104 1.1 x 1010 3.1 x 105
1.7 x 106 3.1 x 106 2.9 x 106 3.6 x 105 5.3 x 104 1.1 x 1010 3.2 x 105



Growth Assumptiohs

250 GWe in 2000
and Decline to 0
in 2040

250 GWe in 2000
and Steady State
to 2040

250 GWe in 2000
and 500 GWe in
2040

Reprocessing
Startup Date 

TABLE A.6.2. Resource Commitments with the Reprocessing Cycle

Steel, MT Cement, MT Diesel, M3 Gasoline, M3
,

Propane, M3
Electricity,
KW - hr 

Manpower,
Man - Year

Repository
Startup Date 

Repository
Media

1990 1990 Salt 4.8 x 105 5.5 x 105 1.4 x 106 1.1 x 105 3.5 x 107 1.8 x 1010 1.4 x 105
Granite 7.2 x 105 6.2 x 105 1.4 x 106 1.5 x 105 3.5 x 107 1.9 x 1010 1.8 x 105
Shale 3.8 x 105 6.4 x 105 1.6 x 106 1.5 x 10,5_ 3.5 x 107, 1.9 x 1010 1.8 x 105
Basalt 7.4 x 105 6.1 x 105 1.4 x 106 1.5 x 10° 3.5 x 10/ 1.8 x 1010 2.0 x 105

1990 2010 Salt 6.7 x 105 5.9 x 105 1.4 x 106 6.3 x 104 3.5 x 10.7, 1.8 x 1010 1.5 x 105
Granite 8.4 x 105 6.4 x 105 1.4 x 106 2.3 x 105 3.5 x 10/ 1.8 x 1010 1.8 x 105
Shale 5.6 x 105 6.7 x 105 1.6 x 106 2.4 x 105 3.5 x 107, 1.8 x 1010 2.0 x 105
Basalt 8.6 x 105 6.4 x 105 1.4 x 106 2.3 x 105 3.5 x 10/ 1.8 x 1010 1.9 x 105

2010 2010 Salt 9.3 x 105 1.8 x 106 1.3 x 106 2.2 x 105 3.4 x 107 1.7 x 1010 2.0 x 105
Granite 1.1 x 106 1.8 x 106 1.3 x 106 2.5 x 105 3.4 x 107 1.7 x 1010 2.3 x 105
Shale 9.0 x 105 1.9 x 106 1.5 x 106 2.5 x 105 3.4 x 107 1.8 x 1010 2.4 x 105
Basalt 1.1 x 106 1.8 x 106 1.3 x 106 2.5 x 105 3.4 x 107 1.7 x 1010 2.4 x 105

1990 2030 Salt 7.2 x 105 7.7 x 105 1.7 x 106 2.4 x 105 3.5 x 107 1.7 x 1010 1.5 x 105
Granite 8.7 x 105 8.1 x 105 1.8 x 106 2.7 x 105 3.5 x 107 1.7 x 1010 1.7 x 105
Shale 6.4 x 105 8.4 x 105 1.9 x 106 2.7 x 105 3.5 x 107 1.7 x 1010 1.8 x 105
Basalt 8.9 x 105 8.1 x 105 1.7 x 106 2.7 x 105 3.5 x 107 1.7 x 1010 1.8 x 105

2010 2030 Salt 1.2 x 106 2.0 x 106 1.9 x 106 3.4 x 105 3.4 x 107, 1.7 x 1010 2.2 x 105
Granite 1.4 x 106 2.0 x 106 1.9 x 106 3.8 x 10,°_ 3.4 x 10!, 1.8 x 1010 2.5 x 105
Shale 1.1 x 106 2.0 x 106 2.0 x 106 3.8 x ICJ?. 3.4 x 10.1, 1.8 x 1010 2.6 x 105
Basalt 1.3 x 106 2.0 x 106 1.9 x 106 3.8 x 100 3.4 x 10/ 1.7 x 1010 1.8 x 105

2000 2000 Salt 
Granite

8.4 x 105
1.1 x 106

1.3 x 106
1.4 x 106

1.8 x 106
1.8 x 106

1.8 x 105
2.3 x 105

4.5 x 107
4.5 x 107

2.3 x 1010
2.4 x 1010

2.1 x 105
2.5 x 105

Shale 7.2 x 105 1.5 x 106 2.0 x 106 2.4 x 105 4.5 x 107 2.4 x 1010 2.6 x 105
Basalt 1.1 x 106 1.4 x 106 1.7 x 106 2.3 x 105 4.5 x 107 2.3 x 1010 2.7 x 105

2000 2030 Salt 1.1 x 106 1.5 x 106 2.3 x 106 3.1 x 105 4.5 x 107, 2.3 x 1010 2.3 x 105
Granite 1.3 x 106 1.6 x 106 2.3 x 106 3.4 x 105 4.5 x 107, 2.4 x 1010 2.6 x 105
Shale 9.4 x 105 1.6 x 106 2.6 x 106 3.6 x 105 4.5 x 10/ 2.4 x 1010 2.8 x 105
Basalt 1.3 x 106 1.6 x 106 2.2 x 106 3.4 x 105 4.5 x 107 2.4 x 1010 2.8 x 105

2000 2000 Salt 1.1 x 106 1.4 x 106 2.3 x 106 2.3 x 105 6.0 x 107 3.0 x 1010 2.7 x ,105
Granite 1.4 x 106 1.6 x 106 2.4 x 106 2.9 x 105 6.0 x 107_, 3.2 x 1010 3.4 x 105
Shale 8.3 x 105 1.6 x 106 2.8 x 106 3.0 x 105 6.0 x 1% 3.2 x 1010 3.4 x 105
Basalt 1.4 x 106 1.5 x 106 2.3 x 106 2.8 x 105 6.0 x 101 3.1 x 1010 3.5 x 105

2000 2020
I

13 

106
1.7 x 106 3.2 x 106 3.9 10,5_ 6.0 107 3.1 1010

Granite 1.6 x
0

1.9 x 106 3.2 x 106
x

4.3 x 10°
x

6.0 x 107,
x

3.2 x 1010
2.9 x 105
3.4 x 105

Shale 1.2 x 1.9 x 106 3.5 x 106 4.5 x 105 6.0 x 10/ 3.3 x 1010 3.6 x 105
Basalt 1.7 x 106 1.8 x 106 3.1 x 106 4.4 x 105 6.0 x 107 3.2 x 1010 3.6 x 105
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TABLE A.6.3. Resource Commitments for Shipping Casks

Reprocessing Repository
Growth Assumption Startup Date Startup Date Steel, MT Lead, MT

Once-Through Cycle

Present inventory NA(a) 1990 1.9 x 102 5.2 x 102
NA 2010 1.9 x 102 5.2 x 102
NA 2030 1.9 x 102 5.2 x 102

Present capacity to NA 1990 9.2 x 102 2.5 x 103
retirement NA 2010 1.3 x 103 3.3 x 103

NA 2030 1.4 x 103 3.5 x 103

250 GWE in 2000 and NA 1990 4.1 x 103 1.1 x 104
decline to 0 in 2040 NA 2010 6.2 x 103 1.6 x 104

NA 2030 6.8 x 103 1.8 x 10'

250 GWe in 2000 and NA 2000 6.7 x 103 1.8 x 104
steady state to 2040 NA 2020 9.0 x 103 2.3 x 104

250 GWe in 2000 and NA 2000 8.7 x 103 2.3 x 10'
500 GWe in 2040 NA 2040 1.2 x 104 3.1 x 10'

Present capacity to
retirement

NA No action 7.0 x 102 1.9 x 103

250 GWe in 2000 and
decline to 0 in 2040

NA No action 3.6 x 103 9.4 x 103

Reprocessing Cycles

250 GWe in 2000 and 1990 1990 6.1 x 103 1.7 x 10'
decline to 0 in 2040 1990 2010 8.2 x 103 2.3 x 104

2010 2010 8.1 x 103 2.2 x UN
1990 2030 8.3 x 103 2.3 x 10"
2010 2030 1.0 x 104 2.8 x 104

250 GWe in 2000 and 2000 2000 9.3 x 103 2.5 x 10'
steady state to 2040 2000 2020 1.2 x 104 3.4 x

250 GWe in 2000 and 2000 2000 1.2 x 104 3.3 x 104
500 GWE in 2040 2000 2040 1.6 x 104 4.5 x 10'

(a) NA = not applicable.
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A.7 TRANSPORTATION REQUIREMENTS

The transportation requirements tables (A.7.1 and A.7.2) show the number of shipments

required by waste type, case and mode of transportation for both fuel cycles and for all

cases analyzed.
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TABLE A.7.1. Transportation Requirements Using the Once-Through Fuel Cycle

Case Growth Assumption
Repository

Start-Up Date
Transport

Mode

Spent Fuel
Shipments

(thousands)
1 Present Inventory Only None

1990

2010

2030

Rail
Truck
Rail

Truck
Rail

Truck
Rail

Truck

0
0
2.3
2.3
2.3
2.3
2.3
2.3

2 Present Capacity--Normal Life None Rail 8.4
Truck 8.6

1990 Rail 13.3
Truck 11.1

2010 Rail 18.0
Truck 11.1

2030 Rail 19.0
Truck 11.1

3 250 GWe System by Year 2000 None Rail 45.0
Truck 45.8

1990 Rail 60.5
Truck 55.6

2010 Rail 88.6
Truck 55.6

2030 Rail 95.7
Truck 55.6

4 250 GWe System and Steady State 2000 Rail 96.6
Truck 73.4

2020 Rail 127.2
Truck 73.4

5 500 GWe System by 2040 2000 Rail 125.7
Truck 99.4

2020 Rail 169.5
Truck 99.4



TABLE A.7.2. Transportation Requirements Using the Reprocessing Cycle

Thousands of Shimpnts
Reprocessing Repository CIT.TRU Decommis-

Start-Up Start-Up Transport Spent RH-TRU Drums sioning
Case Growth Assumption Date Date Mode Fuel HLW Canisters Drums & Boxes Waste Total
1 Present Inventory Only NA(a) NA NA NA NA NA NA NA NA NA

2 Present Capacity--Normal Life NA NA NA NA NA NA NA NA NA NA

3 250 GWe System by Year 2000 1990 1990 Rail 59 8.8 22 -- -- 90
Truck 56 -- 108 21 4.7 190

1990 2010 Rail 59 17 43 -- -- -- 119
Truck 56 213 40 4.7 314

2010 2010 Rail 86 8.7 22 -- -- -- 117
Truck 56 -- -- 108 14 3.7 182

1990 2030 Rail 59 17 44 -- -- 120
Truck 56 -- 215 41 4.7 317

2010 2030 Rail 86 17 44 -- -- 147
Truck 56 215 29 3.7 304

4 250 GWe System and Steady State 2000 2000 Rail 95 12 29 136
Truck 73 142 33 2.4 250

2000 2020 Rail 95 23 58 176
Truck 73 284 53 2.4 412

5 500 GWe System by Year 2040 2000 2000 Rail 124 16 39 -- -- -- 179
Truck 99 192 50 2.4 343

2000 2020 Rail 124 31 78 233
Truck 99 385 80 2.4 566

(a) NA = not applicable.

).
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A.8 SUPPLEMENTARY PREDISPOSAL COST DATA 

The predisposal cost tables (A.8.1 through A.8.4) list the capital, operating, and

levelized unit cost estimates for facilities for spent fuel treatment and storage, treatment

of wastes from uranium and plutonium recycle, and interim storage of treated wastes. Costs

for the example concepts (used in the system simulation cost determination) and for other

optional methods are both shown. A table is also included showing capital costs for ship-

ping casks and freight charge estimates for waste transportation over the generic distances

used in this Statement.



TABLE A.8.1. Cost Estimates for Treatment and Storage of

Annual
Total Operation and

Capital Cost(a) Maintenance
$10

6 $106/yr

Spent Fuel

Levelized Unit Cost

Activity

Private(b)Ownership
$/kg HM

Federal(b)Ownership
$/kg HM

Independent Unpackaged Water Basin Storage 234 5 212 + 35%± 117 + 35%

Incremental 1000 MTHM Receiving Capacity
at Above Facility 28 1.5 7 + 40% 3.5 + 35%

Spent Fuel Packaging Facility 128 13 29.6 + 30% 18.30 + 25%

Independent Spent Fuel Receiving Facility 92 1.5 9.5 + 30%

Long-Term Packaged Spent Fuel Storage

• Water Basin 296 392(c) 38.40 + 20%

• Air-Cooled Vault 595 1.3 34.90 + 30%

• Dry Caisson 341 39(d) 22.20 + 25%

• Surface Cask 258 264(e) 30.20 + 20%

(a) Includes owner's costs.
(b) See DOE/ET-0028, Vol. 1, Section 3.8 for financial parameters relating to ownership.
(c) Includes $389 million for incremental costs of using stainless steel canisters and storage racks.
(d) Include $37 million for carbon steel storage casks

(e) Includes $262 million for storage casks.
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TABLE A.8.2. Cost Estimates for Treatment of Waste from Uranium and Plutonium Recycle
Total Annual Operation Levelized

Capital Cost and Maintenance Unit Cog
$106 $106/yr $/kg HM°1Activity

5-Yr High-Level Liquid Waste 5torage 282 6.6 42.00 + 30%

High-Level Liquid Waste Solidification

• Calcination 76 6.8 13.00 + 35%

• Vitrification 55 7.1 10.40 + 35%

Fuel Residue Packaging

• Packaging Without Compaction 17 4.8 4.90 + 25%

• Mechanical Compaction 20 3.5 4.60 + 30%

• Melting 27 3.2 5.20 + 35%

Failed Equipment and Non-Combustible
Waste Packaging

• At Reprocessing Plant 27 1.6 4.20 + 55%

• At MOX Fuel Fabrication Plant 3.7 0.4 0.60 + 55%

Combustible and Compactable Waste Treatment

• At Reprocessing Plant

- Incineration 16.9 1.6 3.40 + 35%

- Package Only 18.1 0.8 2.30 + 35%

• At MOX Fuel Fabrication Plant

- Incineration 6.4 0.3 1.00 + 35%

- Package Only 2.9 0.1 0.40 + 35%

Degraded Solvent Treatment 8 0.1 1.40 + 40%

Waste Immobilization

• At Reprocessing Plant

- In Bitumen 16 0.6 2.30 + 35%

- In Cement 16 0.7 2.30 + 35%

• At MOX Fuel Fabrication Plant

- In Bitumen 14 0.3 1.40 + 35%

- In Cement 13.5 0.3 1.40 + 35%

Off-Gas Treatment

• Iodine Recovery 12.8 0.8 2.00 + 40%

• Carbon Recovery (w/o krypton recovery) 8.2 0.1 1.20 + 40%

• Krypton Recovery (w/o carbon recovery) 25.8 1.3 4.00 + 40%

• Combined Iodine, Carbon and
Krypton Recovery 39.8 2.2 6.10 + 40%

• Vessel Off-Gas Treatment 26.7 2.6 3.90 + 35%

Off-Gas Filtration at Reprocessing Plant

• Prefilters and HEPA Filters 11.7 0.6 1.80 + 35%

• Sand Filter and HEPA Filters 28.1 0.6 3.80 + 40%

• Deep-Bed Glass Filter and HEPA Filters 12.8 0.6 2.50 + 40%

(a) Costs may be expressed in $/GW-yr by multiplying by 38,000 kgHM/GW-yr
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TABLE A.8.3. Cost Estimates for Interim Storage of Waste from Uranium
and Plutonium Recycle

Activity

Total
Capital Cost

$106

Annual Operation
and Maintenance

$10
6/yr

Levelized Unit Cost
Private
Ownership
$/kg HM

Federal
Ownership
$/kg HM

5-Yr Solidified High-Level Waste Basin
Storage and Shipping Facility at
Reprocessing Plant 99 3 13.80 + 40%

Solidified High-Level Waste Storage
Using the Sealed Cask Concept

• HLW Accumulated to:

- 1990 105 3.3 30.80 + 70%

- 1995 115 8.5 15.80 + 20%

- 2000 126 12.7 12.90 + 20%

Fuel Residue Storage

• 5-Yr Storage at Reprocessing Plant

- Vault Concept 140 0.6 41.40 + 25%

- Near-Surface Concept 41 0.3 12.30 + 25%

• Storage to 1995 at Independent Site

- Vault Concept 673 1.0 20.30 + 25%

- Near-Surface Concept 191 0.9 6.20 + 25%

TRU Intermediate-Level Waste Storage

• 5-Yr Storage at Reprocessing Plant

- Outdoor Subsurface Concept 45 0.2 9.30 + 30%

- Indoor Shielded Concept 19 0.1 5.20 + 30%

• Storage to 1995 at Independent Site

- Outdoor Subsurface Concept 222 0.6 5.90 + 30%

- Indoor Shielded Concept 87 0.4 2.60 + 30%

TRU Low-Level Waste Storage

• 5-Yr Storage at Reprocessing Plant

- Outdoor Surface Concept 1.3 0.02 0.40 + 30%

- Indoor Unshielded Concept 1.5 0.03 0.50 + 25%

• 5-Yr Storage at MOX-FFP

- Outdoor Surface Concept 1.2 0.02 0.40 + 25%

- Indoor Unshielded Concept 1.2 0.02 0.40 + 25%

• Storage to 1995 at Independent Site

- Outdoor Surface Concept 6.4 0.1 0.30 + 25%

- Indoor Unshielded Concept 10.7 0.1 0.40 + 20%

Plutonium Oxide Storage(a)

• 30 MT Facilities at Reprocessing Plant 281 4 33.70 + 20%

• 200 MT Facility at Reprocessing Plant 494 3.2 50.00 + 30%

• 200 MT Independent Site Facility

- Accumulate to 1990 263 3.2 22.90 + 25%

- Accumulate to 2000 1,053 6.7 22.50 + 25%

Krypton Storage 192 0.2 16.40 + 40%

(a) Plutonium oxide storage where plutonium is considered a waste is only needed in the event that spent
fuel is reprocessed to recover the uranium value and remove plutonium.
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TABLE A.8.4. Cost Estimates for Waste Transportation

Single
Cask Round Trip
Cost Distance, Freight Coit

Cask Type $10
3 miles Cost, $10

Unit
Cost

$/kg HMWaste Shipment
Transport

Mode

Unpackaged Spent Fuel Rail NLI 10/25 3,500 1,000 22 16.20

IF-300 3,500 1,500 25 22.50

Truck NFS-4 1,050 1,000 3 18.50

1,500 5 26.40

Packaged Spent Fuel Rail Modified
NLI 10/24 3,500 1,500 25 32.00

Solidified High-Level Waste(a) Rail Conceptual 2,900 1,500 25 3.40

Fuel Residues

Packaged Only Rail Conceptual 700 1,500 25 3.50

Mechanically Compacted Rail Conceptual 700 1,500 25 2.00

Melted Rail Conceptual 700 1,500 25 1.40

Non-High-Level TRU with a
Surface Radiation Rate of

0.2 R/hr Truck 36 Drums(c) 100 1,500 3,200 0.24

(1,000) (2,300) (0.21)

0.2 to 1.0 R/hr Truck 36 Drums(c) 160 1,500 3,200 0.54

(1,000) (2,300) (0.38)

1.0 to 1.0 R/hr Truck 14 Drums(c) 140 1,500 3,200 0.30

(1,000) (2,300) (0.21)

10 R/hr Truck 6 Drums(c) 180 1,500 3,200 1.43

(1,000) (2,300) (1.06)

Plutonium Oxide Truck PPP-1 260 1,500 16 0.80(d)

(a) Costs of high-level waste transportation are about the same for calcined or vitrified waste.
(b) The costs shown in the table assume combustible waste is incinerated and all drummed waste is

immobilized in cement.
(c) A11 casks are Type B casks. All casks are shielded except for the cask with drums measuring less

than 0.2 R/hr. (DOE/ET-0028, Vol. 4, Section 6.6).
(d) Equivalent to about $9 per gram of plutonium.
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A.9 SUPPLEMENTARY SYSTEM COST DATA 

The systems cost tables (A.9.1a through A.9.6) provide additional detail on the break-

down of power costs by major functions and the differences in power cost as influenced by

repository media. Four sets of tables are included. The first two sets break down the

costs by the functions of spent fuel storage and transport; spent fuel treatment; other

waste treatment, storage and transport; disposal; and research and development for both fuel

cycles. The latter two sets break down the total system costs by repository media for both

fuel cycles. Each set consists of three tables with costs calculated at discount rates of

0, 7 and 10%. In addition to these tables, two tables are provided to display the esti-

mated research and development costs (including site verification costs) for waste

isolation.



TABLE A.9.1a. Allocation of Total-System Waste Management Unit Costs with the Once-Through Cycle Using a
0% Discount Rate, mills/kWh

Case
Nuclear Power

Growth Assumption

Repository
Startup
Date

Spent Fuel
Storage and
Transport

Spent Fuel
Treatment Disposal

Research and
Development Total

1 Present Inventory Only 1990 0.63 0.10 0.51 to 0.62 1.6 2.9 to 3.0

2010 1.31 0.10 0.51 to 0.62 2.3 4.2 to 4.3

2030 1.98 0.10 0.51 to 0.62 5.0 7.6 to 7.7

None 3.28 0.36 3.6

2 Present Capacity-- 1990 0.42 0.08 0.22 to 0.37 0.26 1.0 to 1.1
Normal Life 2010 0.79 0.08 0.22 to 0.37 0.36 1.5 to 1.6

2030 0.92 0.08 0.22 to 0.37 0.79 2.0 to 2.2

None 1.0 0.06 1.1

3 250 GWe system by 1990 0.33 0.08 0.22 to 0.37 0.06 0.69 to 0.84
Year 2000 and Normal
Life 2010 0.69 0.08 0.22 to 0.37 0.08 1.1 to 1.2

2030 0.84 0.08 0.22 to 0.37 0.17 1.3 to 1.5

None 0.87 0.01 0.88

4 250 GWe System by 2000 0.46 0.07 0.21 to 0.36 0.05 0.80 to 0.95
Year 2000 and Steady
State 2020 0.75 0.08 0.21 to 0.36 0.10 1.1 to 1.3

5 500 GWe System by 2000 0.42 0.07 0.21 to 0.35 0.04 0.74 to 0.88
Year 2040 2020 0.74 0.07 0.21 to 0.35 0.07 1.1 to 1.2



TABLE A.9.1b. Allocation of Total-System Waste Management Unit Costs with the Once-Through Cycle Using a
7% Discount Rate, mills/kWh

Case
Nuclear Power

Growth Assumption

Repository
Startup

Date

Spent Fuel
Storage and
Transport

Spent Fuel
Treatment Disposal

Research and
Development Total

1 Present Inventory 1990 0.35 0.04 0.18 to 0.22 1.1 1.6 to 1.7

2010 0.44 0.01 0.05 to 0.06 1.1 1.6

2030 0.47 0.002 0.01 1.5 2.0

None 0.48 0.30 .78

2 Present Capacity-- 1990 0.34 0.03 0.10 to 0.17 0.37 0.85 to 0.92
Normal Life 2010 0.45 0.01 0.03 to 0.04 0.39 0.87 to 0.89

2030 0.45 0.0025 0.01 0.53 1.0

None 0.45 0.11 0.56

3 250 GWe System by 1990 0.29 0.04 0.11 to 0.19 0.17 0.61 to 0.69
Year 2000 and Normal
Life

2010 0.44 0.01 0.04 to 0.06 0.16 0.65 to 0.68

2030 0.46 0.003 0.01 to 0.02 0.21 0.68

None 0.45 0.04 0.49

4 250 GWe System by 2000 0.41 0.02 0.07 to 0.12 0.16 0.66 to 0.71
Year 2000 and Steady
State 2020 0.45 0.01 0.02 to 0.03 0.19 0.67 to 0.69

5 500 GWe System by 2000 0.40 0.03 0.07 to 0.12 0.14 0.64 to 0.69
Year 2040 2020 0.46 0.01 0.02 to 0.03 0.17 0.66 to 0.67



TABLE A.9.1c. Allocation of Total-System Waste Management Unit Costs with the Once-Through Cycle Using a
10% Discount Rate, mills/kWh

Case
Nuclear Power

Growth Assumption

Repository
Startup

Date

Spent Fuel
Storage and

Transport
Spent Fuel

Treatment Disposal
Research and

Development Total

1 Present Inventory Only 1990 0.28 0.02 0.12 to 0.15 0.90 1.3 to 1.4

2010 0.32 0.004 0.02 0.87 1.2

2030 0.33 0.0006 0.002 to 0.003 1.1 1.4

None 0.33 0.28 0.61

2 Present Capacity-- 1990 0.31 0.02 0.07 to 0.11 0.39 0.79 to 0.83
Normal Life 2010 0.37 0.004 0.01 to 0.02 0.38 0.77

2030 0.37 0.0005 0.0015 to 0.0026 0.47 0.85

None 0.38 0.12 0.50

3 250 GWe System by 1990 0.28 0.03 0.08 to 0.14 0.21 0.59 to 0.65
Year 2000 and Normal
Life 2010 0.37 0.01 0.02 to 0.03 0.19 0.58 to 0.59

2030 0.38 0.0007 0.002 to 0.004 0.23 0.61

None 0.38 0.06 0.44

4 250 GWe System by 2000 0.36 0.01 0.04 to 0.06 0.20 0.61 to 0.63
Year 2000 and Steady
State 2020 0.38 0.002 0.01 0.22 0.60 to 0.61

5 500 GWe System by 2000 0.36 0.01 0.04 to 0.07 0.19 0.60 to 0.62
Year 2040

2020 0.38 0.002 0.01 0.21 0.59 to 0.60



TABLE A.9.2a. Allocation of Total-System Waste Management Unit Costs with the Reprocessing Cycle Using a 0% Discount Rate,
mills/kWh

Case
Nuclear Power

Growth Assumption

Repository
Startup
Date

Reprocessing
Startup
Date

Spent Fuel
Storage and
Transport 

Waste Treatment
Storage and
Transport

Research and
Disposal Development Total

1 Present Inventory Only NA(a) NA NA NA NA NA NA

2 Present Capacity--Normal NA NA NA NA NA NA NA
Life

3 250 GWe System by 1990 1990 0.23 0.53 to 0.76 0.23 to 0.48 0.06 1.1 to 1.5
Year 2000 and Normal
L ife

2010 1990 0.24 0.51 to 0.58 0.21 to 0.36 0.08 1.0 to 1.3

2010 2010 0.65 0.47 to 0.56 0.18 to 0.31 0.08 1.4 to 1.6

2030 1990 0.24 0.51 0.19 to 0.30 0.17 1.1 to 1.2

2030 2010 0.65 0.49 to 0.51 0.18 to 0.28 0.17 1.5 to 1.6

4 250 GWe System by 2000 2000 0.40 0.49 to 0.61 0.20 to 0.35 0.05 1.1 to 1.4
Year 2000 and Steady
State 2020 2000 0.41 0.48 to 0.53 0.18 to 0.32 0.10 1.2 to 1.4

5 500 GWe System by 2000 2000 0.37 0.48 to 0.62 0.20 to 0.36 0.04 1.1 to 1.4
Year 2040 2020 2000 0.37 0.47 to 0.53 0.18 to 0.32 0.07 1.1 to 1.3

(a) NA = not applicable.



TABLE A.9.2b. Allocation of Total-System Waste Management Unit Costs with the Reprocessing Cycle Using a 7% Discount Rate,
mills/kWh

Repository Reprocessing Spent Fuel Waste Treatment
Nuclear Power Startup Startup Storage and Storage and Research and

Case  Growth Assumption Date Date  Transport Transport  Disposal Development Total

1 Present Inventory Only NA(a) NA NA NA NA NA NA

2 Present Capacity--Normal NA NA NA NA NA NA NA
Life

3 250 GWe system by 1990 1990 0.25 0.25 to 0.32 0.09 to 0.18 0.17 0.76 to 0.91
Year 2000 and Normal
Life 2010 1990 0.25 0.24 0.03 to 0.06 0.16 0.68 to 0.71

2010 2010 0.43 0.07 0.02 to 0.04 0.16 0.68 to 0.70

2030 1990 0.25 0.23 0.01 to 0.02 0.21 0.70

2030 2010 0.43 0.06 0.01 0.21 0.71 to 0.72

4 250 GWe System by 2000 2000 0.38 0.16 0.05 to 0.09 0.16 0.73 to 0.79
Year 2000 and Steady
State 2000 2020 0.39 0.13 to 0.14 0.02 to 0.03 0.19 0.73 to 0.74

5 500 GWe System by
Year 2040 2000 2000 0.37 0.15 to 0.18 0.05 to 0.09 0.15 0.72 to 0.79

2020 2000 0.37 0.14 to 0.15 0.02 to 0.04 0.17 0.71 to 0.73

(a) NA = not applicable.



TABLE A.9.2c. Allocation of Total-System Waste Management Unit Costs with the Reprocessing Cycle Using a 10% Discount Rate,
mills/kWh

Case
Nuclear Power

Growth Assumption

Repository
Startup
Date

Reprocessing
Startup
Date

Spent Fuel
Storage and
Transport

Waste Treatment
Storage and
Transport Disposal

Research and
Development Total

1

2

Present Inventory Only

Present Capacity--Normal
Life

NA(a)

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

3 250 GWe System by 1990 1990 0.24 0.17 to 0.22 0.06 to 0.09 0.21 0.68 to 0.77
Year 2000 and Normal
Life 2000 1990 0.24 0.16 0.01 to 0.02 0.19 0.60 to 0.62

2010 2010 0.37 0.03 0.01 0.19 0.59 to 0.60

2030 1990 0.24 0.16 0.002 to 0.004 0.23 0.63

2030 2010 0.37 0.02 0.002 to 0.003 0.23 0.62

4 250 GWe System by 2000 2000 0.34 0.07 to 0.08 0.02 to 0.04 0.20 0.63 to 0.66
Year 2000 and Steady
State 2020 2000 0.34 0.07 0.01 0.22 0.63 to 0.64

5 500 GWe System by 2000 2000 0.34 0.08 to 0.09 0.03 to 0.05 0.19 0.63 to 0.66
Year 2040 2020 2000 0.34 0.07 0.01 0.21 0.62 to 0.63

(a) NA = not applicable.



TABLE A.9.3a. Repository Media Effect on Total-System Waste Management Unit Cost with the Once-Through Cycle Using a
0% Discount Rate

Case
Nuclear Power

Growth Assumption
Startup

Date

mills/kWh
Salt

Repository
Granite

Repository
Shale

Repository
Basalt

Repository

1 . Present Inventory Only 1990 2.85 2.91 2.86 2.97

2010 4.19 4.25 4.20 4.31

2030 7.61 7.67 7.61 7.72

2 Present Capacity--Normal 1990 0.98 1.09 1.00 1.13
Life 2010 1.45 1.56 1.47 1.60

2030 2.01 2.13 2.04 2.17

3 250 GWe System by Year 2000 1990 0.69 0.80 0.71 0.84
and Normal Life 2010 1.07 1.18 1.09 1.22

2030 1.31 1.42 1.34 1.46

4 250 GWe System by Year 2000 2000 0.80 0.91 0.82 0.95
and Steady State 2020 1.14 1.25 1.16 1.28

5 500 GWe System by Year 2040 2000 0.74 0.84 0.76 0.88

2020 1.10 1.20 1.12 1.24



TABLE A.9.3b. Repository Media Effect on Total-System Waste Management Unit Cost with the Once-Through Cycle Using a
7% Discount Rate

Case
Nuclear Power

Growth Assumption
Startup

Date

mills/kWh
Salt

Repository
Granite

Repository
Shale

Repository
Basalt

Repository

1 Present Inventory Only 1990 1.62 1.64 1.62 1.66

2010 1.59 1.59 1.59 1.60

2030 1.97 1.97 1.97 1.98

2 Present Capacity--Normal Life 1990 0.85 0.90 0.86 0.92

2010 0.87 0.88 0.87 0.89

2030 0.99 0.99 0.99 1.00

3 250 GWe System by Year 2000 1990 0.61 0.67 0.63 0.69
and Normal Life 2010 0.65 0.67 0.66 0.68

2030 0.68 0.68 0.68 0.68

4 250 GWe System by Year 2000
and Steady State

2000

2020

0.66

0.67

0.70

0.68

0.67

0.68

0.71

0.69

500 GWe system by Year 2040 2000 0.64 0.68 0.65 0.69

2020 0.66 0.67 0.66 0.67



TABLE A.9.3c. Repository Media Effect on Total-System Waste Management Unit Cost with the Once-Through Cycle Using a
10% Discount Rate

Case
Nuclear Power

Growth Assumption
Startup

Date

mills/kWh
Salt

Repository
Granite

Repository
Shale

Repository
Basalt

Repository

1 Present Inventory Only 1990 1.32 1.33 1.32 1.35

2010 1.22 1.22 1.22 1.22

2030 1.42 1.42 1.42 1.42

2 Present Capacity--Normal Life 1990 0.79 0.82 0.79 0.83

2010 0.77 0.77 0.77 0.77

2030 0.85 0.85 0.85 0.85 n
...

3 250 GWe System by Year 2000 1990 0.59 0.63 0.60 0.65
.-c.)

and Normal Life 2010 0.58 0.59 0.58 0.59

2030 0.61 0.61 0.61 0.61

4 250 GWe System by Year 2000 2000 0.61 0.63 0.61 0.63
and Steady State 2020 0.60 0.61 0.61 0.61

5 500 GWe System by Year 2040 2000 0.60 0.62 0.60 0.62

2020 0.59 0.60 0.60 0.60



TABLE A.9.4a. Repository Media Effect on Total-System Waste Management Unit Costs(a) with the Reprocessing Cycle Using a

Case

0% Discount Rate

Nuclear Power
Growth Assumption

Reprocessing
Startup

Repository
Startup

mills/kWh
Salt

Repository
Granite

Repository
Shale

Repository
Basalt

Repository

1 Present Inventory Only NA(b) NA NA NA NA NA

2 Present Capacity--Normal Life NA NA NA NA NA NA

3 250 GWe System by Year 2000 1990 1990 1.06 1.34 1.51 1.54
and Normal Life 1990 2010 1.04 1.21 1.21 1.26

2010 2010 1.39 1.53 1.55 1.61

1990 2030 1.10 1.20 1.16 1.22

2010 2030 1.49 1.58 1.54 1.61

4 250 GWe System by Year 2000 2000 2000 1.14 1.36 1.38 1.42
and Steady State 2000 2020 1.17 1.31 1.30 1.36

5 500 GWe System by Year 2040 2000 2000 1.08 1.31 1.35 1.38

2000 2020 1.09 1.24 1.23 1.29

(a) Includes spent fuel handling and storage.
(b) NA = not applicable.



TABLE A.9.4b. Repository Media Effect on Total-System Waste Management Unit Costs(a) with the Reprocessing Cycle Using a

Case

7% Discount Rate

Nuclear Power
Growth Assumption

Reprocessing
Startup

Repository
Startup

mills/kWh
Salt

Repository
Granite

Repository
Shale

Repository
Basalt

Repository

1 Present Inventory Only NA(b) NA NA NA NA NA

2 Present Capacity--Normal Life NA NA NA NA NA NA

3 250 GWe System by Year 2000 1990 1990 0.76 0.86 0.89 0.91
and Normal Life 1990 2010 0.68 0.70 0.70 0.71

2010 2010 0.68 0.69 0.69 0.70

1990 2030 0.70 0.70 0.70 0.70

2010 2030 0.71 0.72 0.72 0.72

4 250 GWe System by Year 2000 2000 2000 0.73 0.78 0.78 0.79
and Steady State 2000 2020 0.73 0.74 0.74 0.74

5 500 GWe System by Year 2040 2000 2000 0.72 0.77 0.77 0.79

2000 2020 0.71 0.72 0.73 0.73

(a) Includes spent fuel handling and storage.
(b) NA = not applicable.



TABLE A.9.4c. Repository Media Effect on Total-System Waste Management Unit Costs(a) with the Reprocessing Cycle Using a

Case

10% Discount Rate

Nuclear Power
Growth Assumption

Reprocessing
Startup

Repository
Startup

mills/kWh
Salt

Repository
Granite

Repository
Shale

Repository
Basalt

Repository

1 Present Inventory Only NA(b) NA NA NA NA NA

2 Present Capacity--Normal Life NA NA NA NA NA NA

3 250 GWe System by Year 2000 1990 1990 0.68 0.74 0.76 0.77
and Normal Life 1990 2010 0.60 0.61 0.61 0.62

2010 2010 0.59 0.59 0.59 0.60

1990 2030 0.63 0.63 0.63 0.63

2010 2030 0.62 0.62 0.62 0.62

4 250 GWe System by Year 2000 2000 2000 0.63 0.66 0.66 0.66
and Steady State 2000 2020 0.63 0.64 0.64 0.64

5 500 GWe System by Year 2040 2000 2000 0.63 0.65 0.65 0.66

2000 2020 0.62 0.63 0.63 0.63

(a) Includes spent fuel handling and storage.
(b) NA = not applicable.
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TABLE A.9.5. Estimated Research and Development Costs for
Predisposal Management for a 1990 Repository Start,
$ Millions(a)

Spent Fuel
Storage

Waste Treatment
and

Packaging
Waste

Transport Total

1980 Cumulative 35 105 5 145
81 20 30 1 51
82 20 30 2 52
83 20 30 3 53
84 30 3 33
85 30 3 33
86 30 3 33
87 30 2 32
88 30 2 32
89 30 2 32
90 30 2 32
91 25 2 27
92 20 2 22
93 15 1.5 16.5
94 10 1 11
95 5 0.5 5.5

(a) For later repository start up assumptions the predisposal
R & D costs are extended for longer periods as shown in
Table A.9.6.



A.118

TABLE A.9.6. Estimated Research and Development Cost (including site verification)
for Waste Isolation

Cumulative
1990 Disbosal Stort 2000 Disposal Start 2010 Disposal Start 2020 Disposal

Start
2030 Disposal

StartPredisposal Disposa114) Total Predisposal Disposal(p) Total Predisposal Disposal(c) Total

1980 145 437 582 145 437 582 145 437 582 582 582
1981 51 161 212 51 158 189 51 138 189 190 190
1982 52 241 293 52 184 236 52 184 236 190 190
1983 53 257 310 53 243 296 53 201 254 190 190
1984 33 251 284 33 239 272 33 198 231 190 190
1985 33 232 265 33 212 245 33 187 220 190 190
1986 33 212 245 33 177 210 33 152 185 190 190
1987 32 123 155 32 72 104 32 59 91 190 190
1988 32 139 171 32 70 102 32 50 82 190 190
1989 32 138 170 32 78 110 32 46 78 190 190
1990 32 130 162 32 97 129 32 51 83 190 190
1991 27 59 86 32 105 137 32 50 82 190 190
1992 22 65 87 32 103 135 32 43 75 190 190
1993 17 91 108 32 102 134 32 48 80 190 190
1994 11 91 102 32 97 129 32 48 80 190 190
1995 6 78 84 32 105 137 32 48 80 190 190
1996 41 41 27 105 132 32 48 80 190 190
1997 41 41 22 97 119 32 43 75 190 190
1998 53 53 17 77 94 32 51 83 190 190
1999 2 52 11 90 101 32 58 90 190 190
2000 39 39 6 82 88 32 58 90 190 190
2001 43 43 27 63 90 130 190
2002 45 45 22 63 85 130 190
2003 45 45 17 86 103 130 190
2004 53 53 11 98 109 130 190
2005 52 52 6 97 103 130 190
2006 39 39 92 92 130 190
2007 82 82 130 190
2008 96 96 130 190
2009 106 106 130 190
2010 92 92 130 190
2011 60 60 130 130
2012 66 66 130 130
2013 92 92 130 130
2014 90 90 130 130
2015 91 91 130 130
2016 41 41 130 130
2017 41 41 130 130
2018 53 53 130 130
2019 52 52 130 130
2020 39 39 130 130
2021 65 130
2022 65 130
2023 65 130
2024 65 130
2025 65 130
2026 65 130
2027 65 130
2028 65 130
2029 65 130
2030 65 130
2031 65
2032 65
2033 65
2034 65
2035 65
2036 65
2037 65
2038 65
2039 65
2040 65

TOTALS 611 2931 3542 771 3187 3958 931 3698 4629 7632 9532

(a) Includes $6.5 million/yr through 1993 for alternative disposal technologies.
(b) Includes 56.5 million/yr through 2003 for alternative disposal technologies.
(c) Includes 56.5 million/yr through 2013 for alternative disposal technologies.
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A.10 SYSTEM REPOSITORY REQUIREMENTS 

Tables A.10.1 and A.10.2 provide a complete listing of the calculated number of reposi-

tories required for each of system simulation cases for the once-through and reprocessing

cycles, respectively.



Case

TABLE A.10.1. Repository Requirements

Startup
Date

for Once-Through Cycle

Number of Repositories
Nuclear Power

Growth Assumption
Salt

Repository
Granite
Repository

Shale
Repository

Basalt
Repository

1 Present Inventory Only 1990 0.1 0.05 0.1 0.05

2010 0.1 0.04 0.1 0.04

2030 0.1 0.03 0.1 0.03

2 Present Capacity--Normal Life 1990 0.7 0.3 0.5 0.3

2010 0.7 0.2 0.5 0.2

2030 0.7 0.2 0.4 0.2
n
.-

3 250 GWe System by Year 2000 1990 3.5 1.5 2.6 1.5 o rv

and Normal Life 2010 3.6 1.3 2.4 1.3

2030 3.5 1.0 2.1 1.0

4 250 GWe System by Year 2000 2000 4.7 1.9 3.4 1.9
and Steady State 2020 4.8 1.6 3.0 1.6

5 500 GWe System by Year 2040 2000 6.3 2.6 4.6 2.6

2020 6.5 2.1 4.1 2.1



Case

TABLE A.10.2. Repository Requirements

Repository
Startup

for Recycle Cases

Number of Repositories
Nuclear Power

Growth Assumption
Reprocessing
Startup

Salt
Repository

Granite
Repository

Shale
Repository

Basalt
Repository

1 Present Inventory Only NA(a) NA NA NA NA NA

2 Present Capacity--Normal Life NA NA NA NA NA NA

3 250 GWe System by Year 2000 1990 1990 3.1 2.9 5.4 3.1
and Normal Life 1990 2010 2.8 2.4 4.7 2.6

2010 2010 2.3 2.1 4.0 2.2 n

1990

2010

2030

2030

2.3

2.1

2.0

1.9

3.9

3.7

2.2

2.1

1--,
IV
t-,

4 250 GWe System by Year 2000
and Steady State

2000

2000

2000

2020

3.6

3.3

3.3

2.9

6.3

5.7

3.5

3.2

5 500 GWe System by Year 2040 2000 2000 5.0 4.6 8.7 4.9

2000 2020 4.6 4.1 8.0 4.5

(a) Not Applicable.
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APPENDIX B

GEOLOGIC DISPOSAL SUPPLEMENTARY INFORMATION 

Factors relevant to selection of a geologic repository include the depth of the reposi-

tory; the size and properties of waste form and host rock; seismic, tectonic and magnetic

characteristics of the proposed repository; the hydrologic system and material resources

near the repository; and the use of multiple geologic barriers. These factors will be con-

sidered in a three-stage site selection process.

B.1 DEPTH OF REPOSITORY 

The optimum depth of the waste emplacement zone is a function of the geologic media and

is thus site specific. A depth of 600 m is frequently cited because it is proposed depth

for a test facility in salt in New Mexico (Claiborne and Gera 1974). A 1000 m depth has

frequently been mentioned in the literature. The repository must be deep enough to rule out

any significant effects from disruption by surface phenomena and to provide as long a path-

way to man's environment as possible. Because of the variety of geologic media and settings

in the United States, it should be possible to find a number of sites having appropriate

host rock at suitable depths.

Because destructive natural surficial processes (for example, erosion, climate and

weathering) may reduce the depth to the repository, the host rock should be deep enough to

separate the repository from these processes and thus maintain geologic isolation. Base-

line data to evaluate these factors can be obtained from historic and geologic evidence.

Climatic conditions and associated erosional and weathering processes have an influence to

variable depths, depending upon local conditions.

Climate and rock properties provide the conditions for erosion and weathering. The

energy for transport of earth materials is provided by running water, moving ice, wind, and

gravity. Records of present and paleoclimatic conditions must be evaluated to predict

future climatic variations and to estimate possible depths of erosion. Typical climatic

and related factors to be evaluated at a repository site include:

• daily and seasonal atmospheric conditions

• latitude and longitude

• altitude

• position with respect to ocean and/or global wind circulation patterns.

These four parameters are basic data required to establish the types of weathering forces

and erosion that will act to reduce depth. For example, a high-latitude site and a pos-

sible past history of glaciation at these latitudes indicate a potential for glacial

erosion.

The repository site can be characterized by its topography (land-surface configura-

tion), unconsolidated surficial materials (soil), and underlying rock. Earth materials sur-

rounding the repository are the prime barriers to movement of radioactive waste to the
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biosphere. These earth matep,ial properties must be known in order to determine rates of

erosion. The properties of these materials that relate to erosional processes are the

strength, hardness, chemical composition, consistency, uniformity, and homogeneity.

Topography (land-surface configuration) has an economic impact because of its influence

on ease of access for materials and transportation, the amount of surface modification

required for construction of facilities such as buildings and railroads, and any unique

problems such as landslide potential or flash flooding. In addition, steep terrain fre-

quently indicates tectonic instability. In general, a relatively flat and open area with

low relief is considered desirable.

Weathering is the chemical and physical decomposition and/or transport of surface and

near-surface earth materials by surface erosional processes. It can decompose earth mate-

rials into smaller components that are more easily carried and deposited by other erosional

processes. The weathering process can break down earth materials as deep as several hundred

feet. In addition to climatic forces, the rate of weathering depends also on the resistance

of earth materials to chemical deterioration and physical pressures. The major chemical and

physical weathering processes are freezing and thawing, hydration, hydrolysis, oxidation,

carbonation, dissolution, and expansion caused by unloading, crystal growth, thermal differ-

ence, and organic activity. All of these may remove material and thus decrease the depth to

the isolated waste.

Water (stream) erosion processes are a function of a base level (Office of Waste Isola-

tion 1977). Base level is a surface below which moving water cannot erode. The ultimate

base level for stream erosion is generally considered to be sea level. Base level can

change, however, over geologic time; for example, large fluctuations of sea level can occur

during glacial periods. The mechanisms of a stream erosion are acquisition of weathered

earth materials, abrasion of material through particle impact, transit abrasion of mate-

rials, and transport by the traction, suspension, or solution of weathered rock debris.

Erosional processes unaffected by a base level are those related to ice, wind, and

gravity. These processes are important because of their potential for eroding below base

level.

Erosion by ice is caused by glaciation, and the continental type has the greatest

potential impact on depth of isolation (Office of Waste Isolation 1977). Glaciers are a

dynamic mass of recrystallized snow and ice, and the character and longevity of a glacier

depend on climatic factors. Glacial action alters the land surface and could reduce the

depth of a repository by 1) plowing or scraping earth materials from a site, 2) abrasion of

intact rock, and 3) assimilation of plowed and abraded material into the ice mass (Verhoogen

et al. 1970). The depth to the repository may be effectively reduced if fracturing or

faulting results from the loading and unloading of the ice on the land surface. Parameters

affecting glacial erosion are ice temperature and thickness, earth material and structure,

and topography. The depth below base level at which glaciers may erode can be substantial.

The lower depth of glacial erosion at a repository site can be predicted to some extent from

the glacial history.
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Erosion by wind energy is a mechanical process. It requires the environmental condi-

tions of no vegetation and uncemented dry earth materials (Verhoogen et al. 1970). These

conditions are most prevalent in desert environments. Depth of possible wind erosion is

controlled by wind velocity, duration, and other climatic conditions (Office of Waste

Isolation 1977).

Mass-wasting, or gravitational erosion, is the movement of earth materials by gravity

independent of water, glacier, or wind. The significance of mass-wasting is that it affects

the whole body of the earth material and is not confined to a land environment. Mass-

wasting occurs when the force of gravity on a mass of earth material exceeds the cohesive

strength between the individual earth particles. Environmental components important to the

mass-wasting process are weathering, geomorphology (topography), processes of stream, gla-

cial, and wind erosion and sometimes earthquakes (Claiborne and Gera 1974).

Surface geologic processes cause the transport of earth materials to sites of deposi-

tion. Rates of deposition may be as imperceptibly slow as rates of erosion. However, they

also may be significant over hundreds of thousands of years. Agents of deposition that

should be evaluated for candidate repository site regions include runoff and streams, wind,

glacial processes, and volcanism. A surface environment conducive to long-term deposition

is somewhat favorable to repository containment because as the depth of sedimentary cover

continually and gradually increases, so would the depth of burial.
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B.2 DIMENSIONS AND PROPERTIES OF HOST ROCKS AND MEDIA 

The host rock must have the properties and dimensions to assure geologic isolation

(Office of Waste Isolation 1977). One method for defining the required dimensions of a

repository medium is use of an "equilibrium release fringe concept." The concept assumes

that the repository system contains the waste within a known or definable zone for the

necessary time period. After a period of time, the competing factors of radioactive decay

and chemical migration processes will produce an equilibrium zone or fringe that will not

move or will move so slowly as to be insignificant. Using these definitions, a three-

dimensional zone consisting of host rock material, repository and waste, is defined on the

basis of host rock and waste package properties beyond which no waste or activity beyond a

specified range is expected to migrate for the necessary time period. The specified range

lies between the values for radioisotope concentration at the maximum natural concentration

found in the world and the average U.S. natural background concentration. This condition

is defined as an equilibrium condition, i.e., any material or activity released beyond the

fringe or boundaries of the zone would be within the range of that which occurs naturally.

The size of the zone of effect will probably change throughout the repository's his-

tory. After sealing, the zone will be very nearly the size of the repository and the fringe

will be located by radiation effects. At a later time in the repository's history, when the

canisters and overpack material may have lost their integrity as barriers, the waste will

be partially in contact with the host rock. The waste may then move slowly into the host

rock by diffusion, concentration gradients or whatever forces are present to move it. The

fringe bounding the zone of effects will expand as the zone slowly moves out from the

repository. The size of the zone of effect and the location of the equilibrium fringe will

depend on the host rock properties, the form of the waste, the activity and thermal state

of the waste at the time the canisters became ineffective as containment, and other factors

such as presence of water.

The location of the equilibrium release fringe is difficult to predict, particularly

over time periods greater than several thousand years. Simulation by modeling may furnish

some estimates if the necessary input data are available. The modeling would proceed under

the assumption that no intrusions or disruptions occurred.

The required dimensions of the host rock relate closely to the radius of equilibrium

release and are established as a function of the medium's properties and of engineering

design of the repository. Important media properties that affect the radius of equilibrium

release can be classified as thermal, chemical, and hydrologic.

The host rock dimensions must be large enough with respect to the repository dimensions

to adequately disperse or contain all of the perturbations and loads induced by the reposi-

tory. These dimensions will depend directly on site-specific geologic properties of the

host rock. The host rock must also be of sufficient thickness to ensure that excavation and

construction can proceed on several depth levels and over many acres of lateral extent.

Adequate thickness of the zone adds assurance that the specific medium is of sufficient mass

and extent to contain the waste and buffer the repository from materials with different
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properties. The emplacement medium should be homogeneous and uniform in properties and com-

position, and the medium should extend some distance from the repository so that the

response to the waste will be similar and more predictable. The concept of equilibrium-

release radius can be used to derive the required host rock dimensions as discussed above.

This is a consideration for modeling specific sites in the last stage of site selection.

Several engineered barriers will be built into repository design; however, they will

probably have negligible permanence compared to the lifetime of the repository. The primary

geologic barrier to waste migration will be the repository host rock itself. The effective-

ness of the barrier will depend on the responses of the host rock to long-term effects of

heating and irradiation. Rock response over the full range of expected repository condi-

tions is not adequately understood; however, uncertainties can be overcome by more conserva-

tive design for waste emplacement.

Preliminary thermal loading analyses indicate that tensile forces will be induced near

the outer margins of the repository (Office of Waste Isolation 1978f). Thus thermal expan-

sion could create potential pathways for waste migration by fracturing or by opening pre-

existing fractures. For salt strata this is not the problem; salt is expected to deform

plastically and heal internal fractures. However, if the surrounding strata were breached

by fracturing, salt could be vulnerable to rapid solution by ground water. Therefore, ther-

mally induced permeability appears to be an important consideration for all host rock media.

Dip, inclination, or attitude of the units in the rock column or section is considered

both from a construction standpoint and as indicators of past geologic stability. Flat or

nearly horizontal units will probably be easier to tunnel through, mine and support if

needed. Steeply dipping or inclined units, in general, indicate past deformation or move-

ment and would likely be avoided if other areas can be found. Any geologic section with

units of different inclinations or dip within the rock column may indicate the presence of

erosion or weathering surfaces that might be selectively weak or permeable. Low and fairly

uniform inclination or dips are probably most desirable.

Joints, fractures and faults are generally not favorable from a geologic site-selection

point of view. They represent zones of weakness, movement, possible conduits for fluids and

regions of anomalous properties compared to the general rock mass. They also increase the

time and cost of investigations and complicate the modeling necessary for design. The pre-

sence of these features does not necessarily exclude a site; joints and fractures may be

closed or sealed by mineral deposition and would not act as conduits and may be barriers to

flow, and some faults can be shown to have had no movement for millions of years. However,

in selecting general site areas risks and benefits of areas exhibiting these features need

to be carefully considered.

A comparative survey of rock properties is included in Table B.2.1. Rock behavior and

strength properties strongly affect design and underground construction. These aspects are

discussed in following sections of this report.



Type of Prgperties

TABLE B.2.1. Physical Properties of Media

Granite ShaleParameter(a) Salt

Index Unit weight, lb/ft3
(density)

Natural moisture

130 to 152 144 to 190 117 to 188

content, % 0 to 1.1 0 to 0.32 0 to 38

Stress-Strain Young's modulus, lb/in.2 0.09 x 106 2.3 x 106 2 x 103
to to to

7.25 x 106 12.1 x 106 26.4 x 106

Poisson's ratio 0.22 x to 0.50 0.045 to 0.39 0.03 to 0.50

Strength Cohesion (1,500 to 3,500
psi ranges), lb/in. 900 to 1,700 0 to 4,250

Friction angle,

Uniaxial compressip

20 to 36 4.2 to 56

strength, lb/in.' 2,300 to 7,250 5,100 to 51,200 70 to 37,000

Tensile strength, lb/in.
2 120 to 458 500 to 8,100 0 to 1,540

Thermal Coefficient of
linear thermal
expansion, F-1

2.1 x 10-5 3.0 x 10-6

6.0 x 10-6
4 x 10-6

Heat capacity, Btu/lb- F 0.19 to 47.00 0.16 to 0.33 0.20

Thermal conductivity, at 32 F-3.5 at 32 F-1.65 at 32 F-1.1
Btu/hr-ft- F at 752 F-1.2 at 752 F-1.24 at 752 F-0.8

Hydrologic Permeability, ft/yr 1.7 x 10-15 Very low if no horizontal 10 to 10
to_2 joints or

1 x 10 fractures vertical 1/2 to 1/10
times horizontal

Porosity, % 1.4 to 10.0 0.5 0 to 45

(a) In English units.

Basalt

180

nil

1.8 x 106

0.26

18,000 to 40,000

1,800 to 3,500

3.0 x 10-6

0.17 to 0.23

at 32 F-0.65
at 752 F-0.85

Very low if
unfractured
and not jointed

0.6
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Rocks are named and described according to their texture and mineralogy. However,

their overall behavior may depend on details of petrography such as mineral composition,

rock fabric, fluid inclusions, exotic mineral accumulations in joints and fractures, and

trace element chemistry.

Petrography is important in determining the suitability of the host rock. These data

will be collected and evaluated for specific sites during the site selection process. The

basic properties of rock fabric and composition are discussed in Section 5.1.

Many chemical interactions are possible among mineral and fluid phases of the host

rock, ground water, metal canisters, backfill material, and waste. The range of possible

chemical interactions is described in Section 5.1. However, additional study of geochemi-

cal aspects is warranted.

Thermal properties of high diffusivity and conductivity and low thermal expansion are

normally considered to be desirable. These properties result in maintaining lower waste

temperatures and minimizing mechanical deformation (expansion). Design of a repository

should restrict thermal loading so that excessive thermal expansion does not fracture the

host rock and thereby increase permeability.

Chemical properties of different host rocks vary greatly, and the range of possible

chemical reactions both before and after the containers may be breached may be significant.

Favorable reactions between waste and the host rock include formation of insoluble radioac-

tive compounds, formation of compounds containing water (thus reducing the quantity of free

water), and sorption of radionuclides by the host rock. However, if corrosive fluids are

produced by heating of the host rock, they may attack the canisters and result in early loss

of this barrier. Chemical reactions between waste and host rock that form highly soluble

or low melting-point compounds would be unfavorable. Chemical reactions can affect chemical

transport by changing the composition and quantity of fluids and by changing the ionic

strength of these fluids. Chemical reactions can produce liquids and gases under high pres-

sure, and can change pH, Eh, viscosity, or density. Such factors can affect rock strength

and rate of physical or chemical decomposition of the host rock.

Permeability is an important hydrologic property of the host rock and must be known to

determine the rate of migration of radionuclides toward the biosphere. Very low permea-

bility implies a relatively small radius of equilibrium release if other considerations are

also favorable.

Properties of the medium also affect repository capacity and waste placement geometry.

For example, low thermal conductivity of the host rock would require lower waste loading or

greater spacing between canisters to maintain acceptable repository temperatures.

The total system of waste form, reposftory, surrounding geologic environment, and

effects of waste disposal must be considered to identify any possible site-specific determi-

nants of the radius of equilibrium release. If possible, the host rock dimensions should

encompass the radius of equilibrium release. However, the radius may extend beyond the host

rock and isolation of waste will be achieved by additional barriers in accordance with the

multibarrier concept.
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6.3 SEISMIC, TECTONIC AND MAGNETIC CONSIDERATIONS 

The tectonic stability of the repository site must be sufficient to assure geologic

isolation (Office of Waste Isolation 1977). Tectonics refers to the deformation of the

lithosphere (the solid, near-earth-surface materials) caused by large-scale and local

dynamic earth processes.

Tectonics, seismicity and volcanism relate to the stability of an area and reflect the

past geological activity. Active or capable faults, a history of earthquakes and volcanism

should not condemn an area if investigation can show that the activity was in the remote

past (million to hundreds of million years ago) and has not occurred since. For preliminary

selection of areas, crustal plate boundaries, areas of known active faults, and zones of

recent earthquake and volcanic activity would be avoided.

Deformation of the lithosphere (tectonism) and the upward intrusion (or extrusion) of

molten rock (magma) are important in site selection. Deformation of the crust may consist

of folding, faulting, uplift, depression or diapirism. (A diapir is a fold in which the

mobile core is injected into the overlying materials.) These processes, even though they

may not directly disturb a repository site by fault displacement or venting of volcanic

material, can significantly affect the regional hydrology over a hundred thousand years or

more by altering the topography and the subsurface fluid flow. In this respect, magmatism

and tectonism rank with climatic change as important factors in determining the evolution

of the hydrologic environment. In selecting a site, optimal conditions of tectonic sta-

bility should be realized so that magmatism and tectonism will not adversely affect the

hydrologic conditions at the site. To determine that only the site itself would not be

directly disrupted by faulting or volcanism is not sufficient; the general region must be

considered. In general, the tectonic constraints on site selection will generally be more

difficult to satisfy for sites in the western U.S. than for sites east of the Rocky

Mountains.

The theory of plate tectonics on a continental scale is believed appropriate for iden-

tifying areas of optimum tectonic stability in order to assess the constraints on site

selection imposed by volcanic activity, tectonism, and seismicity. The plate tectonics

theory explains in general the present global distribution of lithospheric deformation,

magmatic activity and seismic activity, and also the geologic record of lithospheric defor-

mation and magmatism over at least the past several hundred million years. Because vol-

canism has in general occurred in regions of crustal plate boundaries, some aspects of the

evolution of the lithosphere during the next million years can be forecast quantitatively

from plate tectonics; for example, it is possible to forecast, within a factor of about two,

an increase of 50 km in the horizontal displacement across the San Andreas fault system in

California. However, many important aspects of the evolution of the lithosphere can be

forecast only in qualitative terms, if at all; for example, the effects of tectonism on the

physiography of the Rio Grande Rift in New Mexico are difficult, if not impossible to

forecast.
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Through isotopic ratio dating, particularly for for pre-Paleozoic rocks (older than

600 million years), former zones of crustal activity or mobility have been defined. Know-

ledge of these zones has proved particularly useful in studies of the early history of the

North American continent. The question of renewed or future activity at these zones is

debatable. Some of the former mobile zones have stabilized to form areas like the Canadian

Shield (Dott and Batten 1971), and their relationship, if any, to present crustal plate

boundaries is not clear. The plate tectonic theory was formulated a decade ago as basically

a kinetic theory, and is now in the early stages of development into a full physical and

chemical theory, incorporating geologic knowledge acquired over the past centuries. The

driving mechanisms for plate tectonics are not presently understood.

The geologic stability, over the past 100 million years or more, of the major part of

the U.S. east of the Rocky Mountains is readily explained in the framework of the plate tec-

tonic theory. In this region the lithosphere has behaved essentially as a rigid plate,

undergoing rigid-body rotation away from the Mid-Atlantic Ridge. The broad features of the

present-day tectonics of the western U.S. arose, after episodes of continental accretion

associated with consumption of oceanic lithosphere along the western margin of the conti-

nent, when the North American plate overrode an oceanic rise system, the remnants of which

(the Juan de Fuca Ridge, the Gorda Ridge, and the ridge system in the Gulf of California)

continue to create new oceanic lithosphere. Remaining to be explained is the relation

between these events and the incipient continental rifting represented by the Snake River

and Yellowstone volcanism and the Rio Grande Rift.

Consideration of the optimal region or regions of tectonic stability for siting pur-

poses proceeds from the continental scale to regional and local scales, to ensure that sites

are viewed in their proper context. Simple projection into the future from local geologic

history alone is not a satisfactory basis for repository site selection. On the regional

and local scales, site selection will necessarily involve uncertain projections from the

geologic record. These projections will tend to be more tenuous in the more tectonically

active regions. At the same time, in the less active regions the tectonic regime may be

more difficult to ascertain because of fewer opportunities for the study of seismotectonics

(the inference of the geometry of tectonic stress and faulting from earthquake mechanism

determinations). In the span of a hundred thousand years or more, significant aseismic

deformation may occur. Even in the relatively stable eastern U.S., local vertical surface

velocities of a millimeter or more per year are ubiquitous. Motions of this magnitude, per-

sisting over a period of hundreds of thousands or millions of years as in the case of the

uplift of the Adirondacks, could result in erosion of hundreds of meters of overburden. It

is uncertain whether such movements could present a serious problem for waste isolation even

if they were not anticipated.

Tectonic activity varies in intensity throughout different regions of the North Ameri-

can continent. Most of the intense tectonic activity and virtually all the volcanic acti-

vity of the North American continent occur along the crustal plate boundaries. A repository

site will be located in a relatively stable tectonic region. In general, the underground
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parts of the repository are not expected to be damaged by vibratory earth motion, although

the surface structures and access shafts are likely to be more vulnerable.

Isolation of a repository could be disrupted by tectonic activity and cause faulting,

which may alter the hydrologic regime, or elevation and subsequent exposure through ero-

sional processes. The tectonic stability of a host rock can be evaluated by investigating

and delineating these tectonic processes of deformation and the rates of deformation. The

processes and factors of the tectonic stability can be determined from the tectonic history

and significant geologic structural features.

The occurrence of strong ground shaking at a repository site from local or regional

earthquakes is not expected to have serious effects on the repository at depth (Dowding

1978), although some operational components of a waste isolation facility may be disrupted.

The primary effect of earthquake occurrence is faulting, an important mode of tectonic

deformation. Faulting may or may not be evident at the ground surface.
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B.4 HYDROLOGIC CONSIDERATIONS 

The hydrologic regime (the surface water and ground-water systems) at the repository

site must be favorable to geologic isolation (Office of Waste Isolation 1977).

Surface hydrology includes the distribution and occurrence of water at the surface of

the area. Large rivers and lakes represent collection areas for surface water from sur-

rounding regions and may be areas where underground water is moving to the surface. Such

areas will probably be avoided because of the risks of flooding and entrance of water into

the repository workings.

Ground water is an important consideration in geologic site selection for two main

reasons:

1. It is a valuable and widely used resource and a repository should not be located

where it will affect the quality or availability to an unacceptable level.

2. Ground water is generally considered to be the most likely agent for transporting

radioactivity away from the repository during its expected lifetime.

Ground water is present in varying degrees of saturation in nearly all subsurface earth

materials. Also, all rock units have some permeability (although it may be small in some

cases), and have hydraulic conductivity varying from relatively high to very low. Ground

water can dissolve and transport radionuclides. Waste isolation requires that the prop-

erties of the host rock minimize transport of the waste and that the host rock be isolated

from more permeable media. The ability of a disposal media to isolate radionuclides within

a hydrologic regime is determined from the factors that govern hydrologic transport via the

local and regional flow patterns.

The local flow regime of a repository site can be characterized by the geohydrologic

properties of the host rock and of the hydraulic gradients (inducement to flow). Evalua-

tion of the isolation potential of these components requires geologic studies, hydrologic

testing, and analysis of water characteristics (de Marsily et al. 1977; ERDA 1976).

The geohydrologic character of the repository medium is concerned with intergranular

fluid properties (Walton 1970). A rock substance is composed of minerals compacted and

cemented or crystallized together into a matrix. Spaces between grains and cementation

material (called pore space) can contain fluid. The percent of pore space in the total

matrix is the porosity. The volume of fluid a repository medium can contain is described in

terms of percent water saturation and porosity (secondary rock discontinuities also contri-

bute to its fluid volume capacity). Pore space is an important property in determining:

1) the ability of a fluid to flow through a medium, 2) the volume of fluid flow and 3) the

rate of flow. The evaluation of porosity for the repository medium includes the in-situ

condition and the effect of radioactive waste-induced alteration, e.g., precipitation and/or

solution. Porosity alone does not determine the permeability of a medium. For example, a

shale has high porosity because of the clay size particles but is essentially impermeable

because the pores are not interconnected or are so small that capillary forces dominate.
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The flow potential of a repository medium depends on the interconnection of pore space

(permeability) and the pressure differential. Geologic materials may be grouped in order

of flow potential into aquifers and aquitards (confining units). The definition and deline-

ation of these units require knowledge of the geologic stratigraphy and matrix and rock mass

hydrologic properties of the medium. Conventional subsurface geologic techniques are used

to define the lithologic and horizontal and vertical distribution of a flow unit. Fluid

chemistry and core analysis of porosity and permeability allow the estimation of volume of

fluid available for flow within a unit and of the hydrologic characteristics of the reposi-

tory medium. Hydrologic field testing of the individual flow units completes the delinea-

tion of these units.

A flow unit may contain a large volume of fluid and a high permeability but require an

inducement to flow (Davis and DeWiest 1966). A difference in hydraulic head (gradient) is

necessary before a fluid will flow through a porous medium. A repository site contains

local gradients, both vertical and horizontal, and a regional gradient for given flow poten-

tial units. A hydrologic gradient could exist because of elevation differences between the

surface point where fluid enters the unit (recharge area) to the repository medium. Hydrau-

lic gradient across the repository medium is generally determined by finding the difference

in fluid level (potentiometric head) between wells of known depth.

The regional geohydrology is important to waste isolation in terms of conditions that

may affect the local hydrologic regime. Possible effects include changes in hydraulic gra-

dient from water usage or climatic changes.

Regional hydraulic parameters significant in maintaining isolation are recharge and

discharge conditions. Recharge is of particular interest in establishing the volume of

fluid available to an aquifer. Tectonic movements have the potential to significantly

alter the hydraulic regime.

Hydrologic considerations enter into each stage of the site selection process. In the

early stages the broad regional characteristics of surface and subsurface water flow are

examined for compatibility with waste isolation. Regions may be eliminated from considera-

tion on the basis of unfavorable characteristics, for example, high regional flow gradients,

presence of aquifers near the proposed repository depth, or alteration of hydrologic regime

from future climatic changes or tectonic events.

Other hydrologic characteristics may be of overriding importance to site selection.

For example, interior drainage (surface runoff that does not drain to the ocean) is particu-

larly well developed in the Great Basin of Nevada and Utah. The characteristics of such a

hydrologic regime offer longer flow paths and greater travel times than does surface water

flow to the migration of radionuclide wastes beyond the boundaries of the system. Other

examples of favorable regional hydrologic conditions include arid climate and low hydraulic

gradients (vertical and horizontal) in the surface and subsurface regimes.

Further consideration of hydrology involves more detailed characterization of the

regional regimes that have passed the first phase. The collection of rock properties data
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and the field measurement of hydrologic parameters enumerated will be needed. These data

will be input to hydrologic models of candidate areas for locating sites at which geologic

barriers are particularly effective.

Detailed evaluation of individual sites will be required in order to predict the com-

plicated interaction of a repository model and hydrologic regimes. An important field of

research, for instance, is the prediction of thermal effects on rock permeability near a

repository.

Site selection will probably avoid areas of known major aquifers. In areas other than

those with major aquifers, a preliminary ground-water characterization would certainly be a

factor to be considered in the early stages.

To characterize an area's ground-water supply and potential requires determination of

such factors as depth to producing zone(s), yield (usually determined from pumping tests)

and an estimate of the supply available. From available wells, porosity, permeability and

change in water level caused by pumping are measured. These aquifer properties and how they

change with distance are extrapolated over the area if other measurements are not available.

Usually other existing wells supply information to help determine the configuration of the

water table or artesian pressure surface, direction of flow and estimates of rates of move-

ment. These methods are generally applied to areas and rock units that yield water in

usable quantities, whether on a scale for cities or for a single dwelling (Walton 1970,

Davis and DeWiest 1966). They are not as applicable and have not been applied as widely to

areas where porosity, permeability and yield are very low--that is, where usable supply can-

not be obtained.

The areas of very low ground-water supply or flow are more favorable candidate areas

for waste repositories because of the smaller opportunity for moving water to contact the

waste and possibly transport it. Flow properties will need to be determined because of the

time periods associated with a repository. Flow rates and velocities of ground water that

are insignificant over a 50-yr period may be significant over hundreds to thousands of

years. Methods of evaluating free water and its movement in media of these areas are avail-

able (for example, laboratory determinations of porosity and permeability are made from

field core samples) but zones of fracture or joint flow are difficult to evaluate and

describe in laboratory tests. Field tests will be necessary to measure in-situ properties

after a potential site is chosen.

When possible, future climatic changes (for example, a change to a much wetter climate)

should be considered with the attendant possible effects such as change in ground-water

levels on a repository.

It seems reasonable to assume as one possibility that free water, over thousands of

years, may enter the repository even in shale and possibly salt. The effect of the water

will depend on the condition and state of the waste at the time, and transport of radionu-

clides will depend on the rate of water movement, if any, through the repository and the

physical-chemical properties of the repository medium.
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B.5 NATURAL RESOURCE CONSIDERATIONS 

Known occurrence of any natural resource will make an area less suitable for a reposi-

tory. Construction of a repository will effectively remove the resource from use or limit

access to it, and will need to be weighed against economic value, need and supply of the

resource. Care will needed in estimating future need and predicting value of materials

perhaps not considered to be resources today.
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B.6 MULTIPLE GEOLOGIC BARRIERS 

The multibarrier concept is a "defense-in-depth" or "multiple barrier" approach to off-

setting the present lack of certainty or predictability in some factors of the waste dispo-

sal system. The basic purpose of the concept is to provide a series of independent barriers

to radionuclide migration that taken together represent a compound or multiple barrier. The

multibarrier concept includes basically two major elements: 1) the waste package, which

consists of the waste in whatever form, any materials between the waste and its container,

the container or canister and any overpack or material placed between the canister and the

host rock; and 2) the material or naturally occurring barriers consisting of the geologic

disposal medium, its dimensions, its properties, tectonic setting, properties of contiguous

and surrounding rock materials and the disposal medium's position in the regional and local

hydrologic systems.

Waste forms and canisters are discussed in Section 4.

The natural barriers consist first and most importantly of the repository host rock and

its properties. The properties include its physical, chemical, thermal and hydrologic char-

acteristics. The host rock with its properties provides the justification for geologic dis-

posal and is the main element in containing the waste within the repository and in isolating

the waste from man's environment over the long term. The disposal medium provides this iso-

lation through the depth of burial within the medium below the land surface and by providing

minimal or very low rate of movement pathways for transport.

For this Statement it is assumed that ground water is the most probable transporting

agent over long time periods and the emphasis is thus on locating the repository in such a

position and medium that it is as isolated as possible from ground water.

Four geologic media have been selected to illustrate the range of rock properties that

need to be considered in a host rock for a radioactive waste repository. A11 four rock

types possess properties that are favorable for waste isolation. These, as well as some

unfavorable characteristics are discussed in the following pages.

B.6.1 Salt Deposit Properties 

Salt (NaC1) deposits appropriate for disposal media occur in stratiform masses (bedded

salts) and in salt domes. Salt deposits result from precipitation of halite (NaC1) by evap-

oration from seawater. Salt precipitation often alternates with the deposition of shale

and carbonate minerals, resulting in salt deposits interbedded with other sedimentary rocks.

Generally the degrees and mineralogical types of interbedding vary greatly. Salt domes are

formed by the flow of bedded salts laterally to form masses which then move upward and

deform and frequently penetrate overlying strata (diapirism). Salt flow is induced by the

low specific gravity of salt plus variations in the lithostatic pressure and differential

compaction of overlying sediments. Salt dome deposits are usually of higher purity, are

more homogeneous and have fewer fluid inclusions than do bedded salts. Salt deposits
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applicable as disposal media are situated in distinct sedimentary basins throughout many of

the contiguous 48 states, as illustrated in Figure B.6.2 (Office of Waste Isolation 1978b).

The existence of salt beds and formations that are known to be hundreds of millions of

years old testifies to their isolation from water and their stability. Salt deposit

strength properties are relatively fair to good in the undisturbed state. Salt is basically

isotropic with minimal cohesive strength. The result is a highly plastic medium that tends

to move (creep) under earth pressures, increasing with greater depth and temperature. Creep

tends to seal discontinuities but is difficult to stabilize in tunnel openings. Although

heat tends to reduce strength, high thermal conductivity of salt is conducive to heat dissi-

pation. A salt deposit may contain moisture in interbed materials and in small cavities as

brine inclusions. These brine inclusions have been shown to migrate or move toward a heat

source (ERDA 1976). Salt moisture, if present, leads to increased heat effects and to the

potential for strength loss from solution action. Undisturbed salt beds are essentially

impermeable (Office of Waste Isolation 1978a,b).

Rock types associated with salt deposits include anhydrite (CaSO4), limestone (CaCO3),

dolomite (CaCO3 MgCO3), and shale (Si02, A1203, Fe203, FeO, MgO, CaO, Na20, K20). Hal-

ite is highly soluble (Office of Waste Isolation 1978a). More information is needed about

ion exchange rate, reaction to radioactivity, and potential chemical reactions with salt

deposits, related rock types, and waste materials.
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Salt deposit structures can be flat-lying, folded, or jointed. Jointing is generally

parallel to bedding. Included within beds are large crystal masses, large rock masses of

solidified impurities with lateral continuity, and lateral lithologic changes (Office of

Waste Isolation 1978a). Joints can be anhydrite-filled, near vertical, unopen, moderately

spaced, and generally extensive.

B.6.2 Granite Properties 

Granite is an intrusive igneous rock with an equigranular, medium-to-coarse crystalline

texture. It is generally light colored, composed principally of feldspar, quartz and, typi-

cally, hornblende and biotite. Granites are generally homogeneous in composition, with

variations primarily in accessory minerals and secondary rock features. Granites are found

as plutons, which are bodies of igneous rock that have formed beneath the earth's surface by

consolidation from magma. Typical granite plutons include batholiths and smaller-scale

stocks; they are very deeply rooted and enlarge with depth (Verhoogen et al. 1970, Holmes

1978).

Igneous rocks may have similar physical characteristics but range in chemical and min-

eralogical composition from granite to closely related rocks such as granodiorite. In many

respects other closely related igneous rocks are similar to or identical to granite, but,

because they vary significantly in major element, trace element and mineralogic composition,

they are not considered to have the same disposal media properties as granite. The loca-

tions of potential repository granites within the contiguous 48 states are illustrated in

Figure B.6.2. The areas identified represent large granite masses at or near the surface.

Granites are formed beneath the earth's surface. Their texture is a dense matrix of

equigranular coarse grains. The porosity is low, with little or no natural moisture con-

tent. Intergranular permeability is extremely low. Also, strength is considered to be very

high. Most component minerals are hard, resulting in high durability. Granites are gener-

ally very rigid, with little ability to deform under earth stress, but may exhibit fractures

that could conduct water if they are open and water is available. Granites are basically

resistant to temperature effects up to several hundred degrees Celsius. However, thermal

expansion of particular minerals may be sufficient to cause fracture of the rock and pos-

sibly surface heave.

Granite is mostly composed of silica, alumina, and alkali elements, and forms minerals

of quartz, feldspar, hornblende, and mica. Typical chemical composition of a granite is

included in Ekren et al. (1974, Table 5.1.3). Mineral components of granite are almost

inactive chemically under ambient temperature and pressure conditions. However, more data

are needed about waste-granite reactions under repository conditions.

Granites have no bedding because of their intrusive igneous mode of formation, but may

be layer-like. Joints tend to be blocky or sheet-like on a large scale, and their orienta-

tions may be vertical and intersect at right angles and/or horizontal and subparallel to the

topographic surface. Joints, which range from sealed to partially opened and extensive

often have little mineralization. Granite masses may contain dikes, veins and occasionally

fragments of other rock material.
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B.6.3 Shale Properties 

Shale is the product of the lithification or compaction and cementation of mud. Mud

is predominantly composed of clay size particles (1/256 mm dia) and/or silt size particles

(1/256 to 1/16 mm dia). The predominant constituents are clay minerals (hydrous aluminum

silicates), and substantial amounts of mica, quartz, pyrite, and calcite (Table B.6.1)

(Verhogen et al. 1970, Holmes 1978, Office of Waste Isolation 1978a). Mineral grains may

either be poorly compacted in a soil-like manner or cemented like rock. Shales are in gen-

eral stratified or laminated, and fissile, although some may show little layering and break

into small angular blocks, as with mudstones. Shales are often interbedded with other sedi-

ments such as carbonates and sands. Shale units potentially applicable as disposal media

are situated in sedimentary basins throughout many of the contiguous 48 states, as illus-

trated in Figure B.6.3 (Office of Waste Isolation 1978a).

Shales are relatively weak, partly because of the soft mineral components and weak

cementation between grains. The general texture is fine-grained, and shale tends to split

into flat, shell-like fragments in parallel bedding. The fine-grained clay minerals account

for a very high natural moisture content and porosity. Because of fine pore size, inter-

granular permeability is low. Many shales have the ability to accommodate large deforma-

tions with a potential for plastic flow.

Clay minerals are known to have a high ion-exchange potential. Wetting and drying of

shale will weaken the rock and may cause it to crumble. Shale may oxidize (as well as dry)

when exposed to air, affecting both strength and volume characteristics. More data are
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TABLE B.6.1. Average Chemical Composition by Oxides
for Representative Disposal Media
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Rock Types
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SiO
2 70.2 55.0 49.1

A1203 14.5 21.0 15.7

Fe203 1.6 5.0 5.4

Fe0 1.8 1.5 6.4

Ca0 1.9 1.6 9.0

N a20 3.4 0.8 3.1

K20 4.1 3.2 1.5

Mg0 0.9 2.3 6.2
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FIGURE B.6.3. Representative Shale Units in the United States
(adapted from Office of Waste Isolation 1978a)
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desirable regarding shale-waste reactions under repository conditions. Heating effects may

be significant with shale as well as effects of temperature rise on contained water.

Shales may have discontinuities consisting of bedding, joints and fracture planes which

are often filled with calcite, but also may be unfilled.
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B.6.4 Basalt Properties 

Terrestrial basalt flows are considered here to be applicable to conventional geologic

disposal. Basalt is a black to medium gray, extrusive volcanic mafic rock (high in magne-

sium rock silicates) with the major mineral component calcic plagioclase (usually as pheno-

crysts) olivine and accessory minerals of magnetite, chlorite, sericite, and hematite

(Office of Waste Isolation 1978e, Holmes 1978). The texture of a basalt may be either

glassy or granular. Generally, basalt flows have a large areal extent. The locations of

potential basalt repository areas are illustated in Figure 6.6.4. The basalts of south-

eastern Idaho are not considered because of high permeability features such as the Lost

River and known large open lava tubes.

Basalt is commonly a very dense, high-strength material. Consequently, porosity and

permeability are favorably low, with negligible moisture content, although interflow sedi-

mentary units may be more permeable. Basalts remain relatively strong under elevated tem-

peratures but may exhibit expansion. An average chemical composition of basalt is included

Table 6.6.2. More data are needed about basalt-waste reactions under repository conditions.

Joints are generally platy or columnar. They may be filled with various secondary min-

erals, alteration or weathering products of basalt. Joints may be unopened or opened with

wide spacing (ti 0.3-1.8 m) and be smooth to rough. Joints in basalt may be extensive. They

are generally unfavorable because of their potential for high permeability and ground water

flow.

COLUMBIA RIVER BASALT

KEWEENAWAN LAVAS/BASALTS

TRIASSIC LAVAS,

BASALTS

FIGURE 6.6.4. Potential Repository Basalts in the United States
(adapted from Office of Waste Isolation 1978a, Dott
and Batten 1971)
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B.7 THE SITE SELECTION PROCESS 

Locating a site for geologic disposal of nuclear wastes must necessarily proceed in a

certain sequence to attain the best available combinations of conditions. This optimization

of siting considerations is employed to offset the uncertainties of geologic prediction.

At each step, appropriate technical criteria as well as optional siting considerations

are required to guide the work and facilitate judgments of suitability. Licensing criteria

are under development by the Nuclear Regulatory Commission and performance criteria by the

Department of Energy (Gray et al. 1976). Such criteria are based on the need to reduce to

the maximum extent achievable the risk of radionuclides being released from the repository

to the human environment.

The site-selection process can also take on a different character (Gray et al. 1976).

Because the practical aspects of gaining access to land for reconnaissance and exploration,

at least over the near term, may impose severe restrictions on the area considered (Gray et

al. 1976), sites can be selected for detailed investigation based on ownership by

appropriate government agencies. Although satisfaction of appropriate technical criteria

and siting considerations is essential at each stage, other factors also are relevant to the

site-selection process, and could dominate. Among these are ease and cost of access,

distance from other societal activities, and societal acceptance of the locations as a

candidate repository site. Thus, certain sections of the country may be considered

unavailable for further siting even though preliminary reconnaissance indicates generally

favorable geologic conditions.

Also, the criteria for suitability of a site cannot be specified in great detail

because of the complexity of the geologic settings; it is possible that the selection of

initial regions for investigation may be done partly on the basis of nontechnical factors.

Whether the process is begun this way or by a strictly technical approach, sites will

be examined in detail and compared against the underlying radiological and environmental

safety criteria. In the discussion that follows, a sequence of purely technical and scien-

tific decisions is assumed, although it is recognized that socioeconomic and institutional

factors must be considered in the site-selection process.

A purely technical approach to site selection begins on a broad nationwide scale in

Stage I. A few basic considerations are used to arrive at candidate regions. Candidate

regions are evaluated on a finer scale in Stage II using other geologic considerations to

arrive at candidate areas. Stage III consists of individual site evaluations leading to

selection of an optimum site from among a small number of possible alternatives. This

selection process provides a systematic method to narrow the geographic area to be studied

from the nation as a whole to smaller identified regions to even smaller geographic areas

and finally to a small number of alternate sites. At each step unsuitable areas are

discarded.

Stage I of the selection process begins with tectonic and hydrologic considerations

that can be applied on a broad national scale (see Figure B.7.1). For each consideration,

criteria need to be defined to serve as a basis for eliminating unsuitable regions and
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CONTINENTAL U.S.

TECTONIC CONSIDERATIONS
HYDROLOGIC CONSIDERATIONS

HYDROLOGICALLY ACCEPTABLE
TECTONICALLY ACCEPTABLE

STAGE I CANDIDATE REGIONS

FIGURE B.7.1. Site Selection Process, Stage I

outlining the most suitable regions. Optimal choices for candidate regions are areas that

satisfy both broad considerations. A hypothetical Stage I candidate region, for instance,

could be an area that passes certain criteria both for optimal tectonic stability and

hydrologic conditions. Selection of candidate regions can be accomplished by a thorough

evaluation of available literature, existing geologic exploration data, and other existing

information such as satellite imagery.

The candidate regions defined in Stage I enter into Stage II of the site selection pro-

cess (see Figure B.7.2). General geologic considerations are applied on a scale appropriate

to regional study, and criteria are again established to select areas with the most accept-

able characteristics. A similar process is followed for each additional consideration (i.e,

regional tectonics, hydrology, and depth). Optimal choices for candidate siting areas are

those that have satisfied all Stage II considerations.

Data base additions required for evaluation in Stage II include extensive geologic map-

ping, generic research on rock properties (particularly their temperature dependence), char-

acterizations of regional hydrology, climatic data, and instrumental data such as that

obtained from geodetic, geophysical and microseismic networks.

A major task in Stage II will be to determine the activity or inactivity of fault

systems within candidate areas. Repository siting will be ruled out within a designated

distance from active faults to protect against possible fault rupture and the effects of

strong seismic shaking. Repository siting criteria for seismic hazards have not been estab-

lished. However, they may resemble current criteria of the Nuclear Regulatory Commission

for siting of nuclear power plants.

The results of the above studies will be basic input to hydrologic considerations and

Stage III modeling of specific sites. Stage III will require collection of as much
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FIGURE B.7.2. Site Selection Process, Stage II

stratigraphic and structural data as possible without jeopardizing the isolation potential

of the site. Drill holes, for example, are possible pathways for movement of water and

loss of containment.

The candidate siting areas that result from Stage II enter into Stage III of the site

selection process (see Figure 6.7.3). All siting considerations are now applied on a site-

specific scale. Again, under each consideration, criteria are used to eliminate unsuitable

areas and to locate suitable sites.

Additional data base requirements (see Figure B.7.4) for Stage III are detailed site

exploration data obtained by drilling, geophysical measurements, and possibly the opening

of test tunnels. In-situ measurements of site-specific rock properties, state of stress,

and hydrology will be conducted to the extent possible without compromising the future inte-

grity of the repository.

It is possible that no site will be found to satisfy all criteria in Stage III. Trade-

offs then may have to be made, which may reduce ideal conditions under one criterion, yet

results in an acceptable site for better overall performance. An optimum site and alterna-

tives are chosen and ranked in case unforeseen field conditions or sociopolitical factors

prevent the use of one or more sites.
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CANDIDATE AREAS FROM STAGE II

SITE SPECIFIC GEOLOGIC CONSIDERATIONS, DIMENSIONS, EVALUATION
OF GEOLOGIC BARRIERS, HYDROLOGIC DEMI LS, SOCIETAL CONSTRAINTS

ALTERNAT I VE
SITES

OPTIMUM
REPOSITORY

SITE

FIGURE B.7.3. Site-Selection Process, Stage III
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STAGE I DATA BASE:

AVAILABLE LITERATURE, REMOTE SENSING
TECTONIC CONSIDERATIONS =a— IMAGERY, EXISTING GEOLOGIC

HYDROLOGIC CONSIDERATIONS EXPLORATION DATA

SELECTED CANDIDATE REGIONS

GENERAL GEOLOGIC
CONSIDERATIONS

— TYPICAL AREA = 500, 000 km
2

STAGE 11 DATA BASE:

STAGE I DATA PLUS EXTENSIVE GEOLOGIC
MAPPING, GENERIC ROCK PROPERTIES
RESEARCH, LOCAL HYDROLOGY, CLIMATIC
DATA, GEODETIC MEASUREMENTS,
MICROSEISMICITY NEIWORKS

SELECTED CANR I DATE AREAS 41— TYPICAL AREA = 10, 000 km
2

SITE SPECIFIC GEOLOGIC
CONSIDERATIONS

STAGE I I I DATA BASE:

STAGE I I DATA PLUS SITE EXPLORATION DATA,

4111 
DRILLING, GEOPHYSICS, IN-SITU TESTING

-•

OF STRESS, HYDROLOGY, ROCK PROPERTIES

OPTIMUM REPOSITORY SITE Ai— TYPICAL AREA = 20 km2

FIGURE B.7.4. Additional Data Base Requirements
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APPENDIX C

RADIOLOGICAL STANDARDS 

Numerical values of annual dose limits have been set by the Nuclear Regulatory Commis-

sion (NRC) and Department of Energy (DOE). These limits and the Concentration Guides (10

CFR 20) derived from them are based on limits for occupationally exposed workers recommended

by the National Committee on Radiation Protection and Measurements (NCRP 1957, 1959) and

the International Commission on Radiological Protection (ICRP 1958, 1959). Minor modifica-

tions were made as a result of Federal Radiation Council (FRC) recommendations (1960) and

more recent NCRP recommendations (1971). A review of the known biological effects of ion-

izing radiation by the National Academy of Sciences-National Research Council (NAS-NRC 1972)

confirmed an earlier recommendation for limiting genetic exposure of the population, which

corresponded to that of the NCRP. A11 these scientific bodies considered available data on

both immediate and delayed effects:

• medical data on effects following therapeutic use of external radiation sources

such as X-rays, and of radionuclides such as radium and iodine.

• occupational accident data on exposure of radiologists, X-ray and cyclotron work-

ers, and workers in nuclear industry

• observations on population groups such as atomic bomb survivors and those irra-

diated by heavy nuclear weapons test fallout near the Marshall Islands.

Delayed effects, observable only years after exposure, were inferred from consideration

of data from animal experimentation, from available epidemiological statistics, and from a

limited number of case observations from medicine and industry (most notably a group of

radium dial painters). The potential effects considered were 1) genetic effects and

2) somatic effects, including leukemia, skin changes, neoplasms, cataracts, changes in life

span, and effects on growth and development. The delayed effects produced by ionizing

radiation in an individual are not unique to radiation. For the most part they are indis-

tinguishable from conditions normally present in the population, which may be induced by

other causes.

In deriving the 10 CFR 20 Concentration Guides, a uniform exposure period of 50 years

for adults was used. When dealing with intakes of radionuclides with effective half-lives

in the body of less than 90 days, or where calculating doses directly from air and water

concentrations by ratio to the appropriate Concentration Guides, the number of years of

exposure makes little difference in the dose calculations. However, problems arise for non-

uniform exposures to radionuclides with longer effective half-lives, especially when dealing

with several exposure pathways and a heterogeneous population of varying ages and local

residence periods. Although ICRP publications (1968, 1971) aid in making dose calculations,

proper application of annual dose limits in such instances is controversial. The implied

method is to calculate a total dose to an organ for a "standard man" for 50 years including
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the year of intake, and charge this total dose to that year for comparison with the dose

standard. Alternatively, the total radionuclide intake for the year is compared to the

annual intake used in calculating the Concentration Guide, and the resulting ratio is used.

The latter is in keeping with the latest ICRP guidance (1977). In all cases the internal

dose should be added to any dose from external sources.

According to Taylor (1973), the basic recommendation of both the NCRP and ICRP was that

individuals in an exposed population (without the medical supervision given the worker and

with no direct benefit from such incidental exposure) should not receive in excess of 1/10

the maximum permissible dose of radiation workers. As an allowance for the variability of

exposure and the variable susceptibility to radiation effects of the general population

(which includes different age groups, genetic backgrounds, and both sexes), the Radiation

Protection Guides (RPG) (dose limits) of the FRC (1960) were further reduced by a factor of

three for the average of general population groups. The resulting RPG of 0.17 rem per year

average whole body dose for population groups coincided with the later ICRP recommendations

(1964) for limiting average gonad dose of the population, based on the possibility of gene-

tic effects, to 5 rem in 30 years, excluding medical exposures.

From these studies, the present guidlines have been derived. The "as low as reasonably

achievable" guide, and the limits derived from 10 CFR 20 and other analyses, are identified

below.
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C.1 "AS LOW AS REASONABLY ACHIEVABLE" APPLICATION 

The degree of risk to people from very low radiation doses is not apt to be answered

by actual observations, now or in the future, because of the indicated low probability

(ERDA 1975) of any observable health effect in individuals and the nonspecific nature of

some effects. Although the ICRP and NCRP have previously recognized as working hypotheses

the presumably conservative assumptions that all radiation effects would be linear with

dose, have a zero threshold, and be independent of dose rate, the NCRP has reiterated its

stand (1975) against using these assumptions for deriving numerical values for risk-benefit

calculations. More recently, the ICRP (1977) has attempted to distinguish between certain

somatic effects for which a threshold dose seems applicable and other somatic (primarily

neoplasms) and genetic effects for which the zero threshold, linear hypotheses still should

be applied. In any case, the basic principle of radiation protection is still that all

radiation exposures of people should be kept to the lowest levels technically and economi-

cally practicable.

The Nuclear Regulatory Commission's 10 CFR 50 Appendix I (1975) defines "as low as

reasonably achievable" (ALARA) population dose limits for light-water-cooled nuclear reac-

tor effluents, primarily for design guidance, but also as an action level for operational

control. Other nuclear facilities are not specifically covered. The NRC in the published

summary of its formal opinion has adopted the use of the phrase "as low as is reasonably

achievable" (as recommended by the ICRP in 1973) as a substitute for "as low as practi-

cable," because ALARA is a more precise definition of the intention of this regulation.

The numerical values of limits assigned by the NRC, for design guidance for each light-

water reactor, are that whole-body doses to any individual shall not exceed 3 mrem per year

from liquid effluents or 5 mrem per year from external radiation resulting from gaseous

effluents.

At present, the dose limits cited in Section 2.2.1 still prescribe upper boundaries for

permissible doses to people. Some fractions of these limits (or the corresponding Concent-

ration Guides) are generally understood to be "as low as reasonably achievable" for routine

waste management operations. Whether those should be 0.1, 0.01, or some other fractions of

the dose limits can be evaluated for each facility and effluent stream only on a case-by-

case basis by considering the effluent treatments and controls available and the costs of

providing such treatment or controls.
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C.2 DERIVED LIMITS AND ACTION LEVELS 

In common with other radiation standards recommendations (NCRP 1959; ICRP 1959, 1977),

10 CFR 20 provides equivalent or alternative criteria as well as basic standards. The rela-

tionships among the several kinds of radiation standards criteria may be more easily under-

stood by reference to Table C.2.1. This table relates various standards and guides to the

stages between a source of radioactivity and a potential end point (health effect). Also

shown are parameters that must be quantified for calculation between one step and the next

(in either direction), as well as the measurements required to provide a basis for compari-

son with the appropriate standards criteria. The Regulatory Guides issued by the NRC pro-

vide generally accepted values and procedures for such quantification. No current standards

provide specific limits in terms of health effects, although other criteria may imply accep-

tance of some level of probability of health effects.

It has been common practice to use the Concentration Guides for air and water given in

10 CFR 20 for direct comparison with environmental measurements of these media. However,

without additional data, use of the Concentration Guides alone may lead to neglect of a

significant pathway of population exposure. This can occur not only because other pathways

of exposure may contribute to dose, but also because reconcentration or bioaccumulation pro-

cesses may affect concentrations in other sources of intake or exposure. Alternatively,

summing of fractions of Concentration Guides for a mixture of radionuclides may result in

an overestimate of dose if the several nuclides behave differently in the body.

TABLE C.2.1. Comparison Chart of Radiation Standards and Recommendations

Stage Factors

Inventory

Release

Quantities, physical
and chemical forms

Release fractions,
rates of release,
effluent concentrations

Dispersion and/or Meteorology, biology,
Reconcentration hydrology, physical

and chemical forms,
concentration factors

Intake and
Exposure

Dose

Exposure periods
consumption rates
retention factors

Biological half-lives,
distributions in body,
body dimensions,
radiation types and
energies

Health Effect Dose/response relation-
ships, demography

Bases for Evaluation  Standards or Criteria 

Measurements of
containers, shipping
records

Inventory Limits

Measurements of effluent Release Guides,
Operating Limits

Measurements of environ- Concentration Guides
mental concentrations,
calculations

Measurements of direct Intake Ranges - FRC
radiation, calculations, Annual limits of
bioassays, whole-body Intake - ICRP
counting

Dose calculations for
maximum individual and
population average

Dose limits - 10 CFR 20,
40 CFR 190-191, NCRP
Reports, ICRP Reports

Calculated probabilities ICRP 26, 27, 28
of specific effects



C.5

Reliance on comparison of environmental concentration in air and water with the Concen-

tration Guides requires additional caution, because the Guides are based on assumptions of

standardized intake rates of air and water (20 m3 of air and 1.2 liters of water per day

for adults, with an additional intake of one liter of equivalent water at the same concen-

tration in foods), as well as continuous exposure for periods of up to 50 years. Age-

dependency of dose/intake ratios was not included in the derivations except for radioiodines

in the infant thyroid. A result of the methodology is that an environmental concentration

exceeding the Concentration Guide only briefly may scarcely affect the annual dose. Such

an occurrence, however, would signal the need for investigation and possibly corrective

action.

Although population doses can and should be calculated for comparison with the basic

standards, the time lag and measurement sensitivities associated with most environmental

measurements usually make it necessary to derive operating limits (or working limits) to be

applied at the sources, i.e., the effluent streams.

Figure C.2.1 shows the generalized relationships between various levels of environ-

mental concentrations (or effluent releases). The lowest level is the background measure-

ment that would have been observed at the point of sampling if the operations under

consideration did not exist. Some increases in concentrations may result from normal opera-

tions. An environmental impact (in the sense of a concentration difference) is the differ-

ence between an environmental level due only to background (which may include a contribution

from other sources such as fallout) and the level due to background plus normal operations.

Control of that impact is subject to the application of the ALARA principle. Both the

"Normal Background" as well as the "Normal Background plus Normal Operations" are in reality

distributions (rather than point values) that may and often do overlap or coincide.

Concentration Guides and external dose limits provide upper limits on acceptable

release rates of radionuclides to the environment. Derived working limits or action levels

refer to in-plant actions by management, such as redirecting an effluent stream to a freshly

regenerated radionuclide absorber, and not to emergency actions outside the plant

NORMAL
BACKGROUND

PLUS
NORMAL POSS I BLE CONCENTRATION

NORMAL OPERATIONAL ACTION GUIDE FRŒE1
BACKGROUND IMPACT L VELS 10 CFR 20

41-110:
NORMAL
IMPACT
(ALARA)

CONCENTRATION INCREASING

FIGURE C.2.1. Relationship of Operating Levels, Action Levels,
and Concentration Guides (not to scale)
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boundary (e.g., evacuation). These action levels are commonly set between the Concentration

Guides and the levels due to background plus normal operations. Since a Concentration Guide

is a definite value and the background value is a distribution which is largely site-

determined, selection of not only an ALARA impact but also any "Action Levels" will depend

upon cost-benefit-risk considerations. In practice there will normally be a series of

graded action levels, with the lowest only an "investigation level." For example, as a

design objective the allowed impact due to normal operation might be "set" at 1% of the Con-

centration Guide and an immediate remedial action level might be established at that point.

A working limit, or investigation level, might in addition be set based on some multiple of

the expected normal impact, provided that was still lower than the remedial action level.
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APPENDIX D

MODELS USED IN DOSE CALCULATIONS(a)

Calculational models and parameters were used in evaluating the radiological dose to

both regional and world populations. The regional dose calculations are discussed for

chronic and accidental releases. The worldwide dose considers the distribution of tritium,

carbon-14 and krypton-85.

D.1 DOSE TO REGIONAL POPULATION 

The doses caused by chronic and accidental releases of gaseous and liquid effluents

from the facilities and processes investigated in this study were estimated using several

calculational models. The models and parameters used were selected to give a realistic but

conservative appraisal.

D.1.1 Chronic Releases

D.1.1.1 Air Concentration 

The concentrations of radionucl ides rel eased i n the atmosphere from these faci 1 i ti es

were estimated using a Gaussian model (Slade 1968). Meteorological data on the joint fre-

quency of occurrence of wind speed, wind direction, atmospheric stability and release para-

meters such as height and velocity for a particular plant were taken fran the reference

environment. The horizontal and vertical dispersion parameters, ay and az' were taken

from curves derived from the work of Pasquill and modified by Gifford (1977).

D.1.1.2 Air Submersion Dose

Air concentrations were estimated as outlined above for each of 16 sectors. For these

sectors the centerline ground level dose was calculated for ten downwind distances from 1

to 80 km. Radiation doses to skin and to whole body were estimated from these air

concentrations.

Both photons and beta particles can contribute significantly to the external dose to

skin. The beta dose contribution is easily calculated using a semi-infinite cloud model.

This model can be used because the range of beta particles in air is short compared to the

dimensions of plunes considered. The gamma dose calculation is more complicated because of

the relatively long range of photons in air. To properly determine the gamma contribution

it is necessary to perform a space integration over the plune volume. The integration tech-

nique used in the reactor accident analysis computer program SUBDOSA (Strenge et al. 1975 is

(a) In accordance with common practice, the term "dose," when applied to individuals and pop-
ulations, is used in this report instead of the more precise term "dose equivalent" as
defined by the International Commission on Radiation Units and Measurements (ICRU).
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employed here except that the plume width is determined by sector boundaries rather than by

a Gaussian concentration gradient. The contribution of gamma radiation to total-body dose

was estimated by calculating the tissue dose at 5 cm depth. An occupancy factor may be used

to account for the fraction of the year a person is exposed to the cloud. Also a shielding

factor may be employed to correct for any shielding by buildings or structures between the

recipient and the cloud.

D.1.1.3 Inhalation Dose 

The air concentrations, derived as described above, were used along with the ventila-

tion rate and dose factors to estimate the dose through the inhalation of radionuclides

dispersed in the air.

The ventilation rate is the volume of air taken in by an individual per unit time. A

value of 0.23 k/sec was used in this study (ICRP 1959).

The inhalation dose factor is given in units of rem/yr per Ci/yr intake and is depen-

dent on the complex transport, retention, and elimination of radionuclides through the

respiratory and gastrointestinal tracts. The model of the respiratory tract adopted by the

Task Group on Lung Dynamics forms the general basis for the calculation of this dose factor

(ICRP 1966). The computer code used for the calculations was DACRIN (Houston et al. 1974).

D.1.1.4 Ground Contamination Dose 

Radionuclides from the air may settle on the ground, where they can accumulate during

the time of the release. These can be a source of radiation for an individual or population

groups.

This dose is determined using the 1) air concentration, 2) deposition "velocity" of the

radionuclides traveling to the surface from the air, 3) an exponential expression which

accounts for the accumulation of the radionuclide on the ground over a certain time period,

4) a dose factor, and 5) an occupancy factor.

The deposition "velocity" given in terms of m/sec is highly dependent on surface rough-

ness, wind speed, and particle size. Based on many experimental studies, values of

0.001 m/sec for particles and 0.01 m/sec for iodine gas were selected for use in this report

(Slade 1969).

The time over which the radionuclides accumulate in the soil is dependent on the life-

time of the facility releasing the material. In this study a value of 30 years is used,

which is considered to be about the average lifetime of a nuclear facility.

The dose factor for the dose from ground irradiation is calculated by assuming that a

receptor is 1 m above a large, nearly uniform, thin sheet of contamination (Soldat 1971,

Fletcher and Dotson 1971). A factor of 0.5 to account for dose reduction due to ground

surface roughness is also included in dose factors. These dose factors have units of rem/hr

per pCi/m2 of surface.
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D.1.1.5 Ingestion of Food Crops 

Food crops may become contaminated by deposition of radionuclides directly from the air

or from irrigation water upon the plant s,;faces or by radionuclides taken up from soil pre-

viously contaminated via air or water. Many factors must be considered when calculating

doses via ingestion of these foods. These factors account for the movement of radionuclides

from release to the receptor and form a complex sequence (Baker et al. 1976).

Equations used to calculate such doses are given in two parts: the first accounts for

direct deposition onto leaves and translocation to the edible parts of the plant, while the

second accounts for long-term accumulation in the soil and root uptake.

For sprinkler irrigation and for deposition of airborne materials both parts of the

equation are used, while only the part dealing with root uptake is required for ditch irri-

gation. Tables of transfer factors and plant uptake f actors are stored in files in the pro-

gram FOOD (Baker 1977). The program can handle nine crops and their pathways to man. The

output of the program lists the concentrations of radionuclides in the food crops and the

fraction of the concentration due to each part of the equation (i.e., leaf or root). It

also lists the dose to each organ from each nuclide/crop combination, with a summary of

total doses from all crops and nuclides combined.

The nuclides 3H and 14C are treated as special cases in the FOOD program. The con-

centrations in the initial environmental media (air or water) are calculated on the basis

of the specific activity of the nuclide in the naturally occurring stable element.

D.1.1.6 Ingestion of Animal Products 

Five products--milk, eggs, beef, pork, poultry--are included in the FOOD program. The

concentrations in the animals' feed are first calculated as discussed above for human food

crops.

The equation, the quantities of animal feed and water consumed, and a listing of the

transfer factors (fraction of each day's intake appearing per liter of milk or kilogram of

eggs or meat) are given by Baker et al. (1976). The output of FOOD lists doses to various

organs by nuclide and food type and summarizes tntal dose from all nuclides in milk, eggs,

and meat (beef, pork and poultry).

D.1.1.7 Accumulated Doses from Foods 

The computer program PABLM was written to calculate cumulative radiation dose to people

from the ingestion of food. A total of eight food categories (leafy vegetables, other

above-ground vegetables, root vegetables, fruit, grain, eggs, milk, and meat) can be

selected with corresponding consumption rates, growing periods, and irrigation rates or

atmospheric dilution parameters assigned by the user. Radionuclides may be deposited by

water used for irrigation or directly from the atmosphere onto vegetation or the ground for

the expected operating life of the facility. Dose commitments to the whole body and six

internal organs from 186 radionuclides can be accumulated for a specified dose period. How-

ever, computer core space limitations restrict input considerations to only four organs
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and 75 radionuclides. A summary of cumulative dose and percent contribution by nuclide for

each food type is calculated. Radionuclide concentrations in soil, plants, and animal pro-

ducts are also calculated.

D.1.2 Accidental Releases 

The dose to individuals exposed to a passing cloud of accidentally released radio-

nuclides consists of external and internal components. The external radiation doses are

calculated using the computer code SUBDOSA (1975), and the spatial distribution determined

by the methods described in Meteorology and Atomic Enerqy (Slade 1968) and code XOQDOQ

(Sagendorff and Goll 1977) for a semi-infinite cloud. External exposure results from both

gamma radiation and beta particles emitted from radionuclides while they are airborne and

external to the human receptor. This dose is dependent not only upon the type of radiation

(i.e., gamma or beta) but also upon the energy of the radiation and the spatial distribution

of the airborne radionuclides with respect to the receptor. The type and energy of radia-

tion are characteristic of each radionuclide.

Because the range of beta particles in the air is only a few meters, the air concentra-

tion at ground level is sufficient to calculate the doses resulting from beta-emitting

radionuclides. Ground-level air concentrations are not sufficient, however, for calculating

the dose from gamma radiation. This is due to the relatively large range of gamma radiation

in air. This range varies according to gamma energy and can be as long as a few hundred

meters. As a result, the dose from external exposure to gamma radiation during cloud pas-

sage depends upon the air concentration at distances up to a few hundred meters. Thus the

height of release has much less effect on gamma dose than it does on beta dose, particularly

at close distances. As before for air submersion doses, both beta and gamma radiations con-

tribute to skin dose; but only gamma radiation contributes to total-body dose (calculated

at 5 cm depth).

Inhalation doses are calculated using the same models and codes used for chronic

release except for increased ventilation rate (0.35 t/sec) (Sagendorff and Goll 1977).

D.1.3 Dose to Biota Other Than Man 

The doses to terrestrial and aquatic animals living within the influence of the nuclear

facilities described in this report were not calculated separately. Two recent compre-

hensive reports (NAS-NRC 1971 and Garner 1972) have been concerned with radioactivity in the

environment and pathways to biota other than man. Depending on the pathway being consid-

ered, terrestrial and aquatic organisms will receive either about the same radiation doses

as man or somewhat greater doses. Although no guidelines have been established to set

acceptable limits for radiation exposure to species other than man, it is generally agreed

that the limits established for humans are also conservative for tk se species (Auerbach

1971).

The literature relating to radiation effects on organisms is extensive, but very few

studies have been conducted on the effects of continuous low-level exposure to radiation
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from ingested radionuclides on natural aquatic or terrestrial populations. The most recent

and pertinent studies point out that, while the existence of extremely radiosensitive biota

is possible and while increased radiosensitivity in organisms may result from environmental

interactions, no biota have yet been discovered that show a sensitivity to radiation expo-

sures as low as those anticipated in the area surrounding fuel cycle plants. The BEIR

Report (NAS-NRC 1972) states in summary that evidence to date indicates that no other living

organisms are very much more radiosensitive than man. Therefore, no detectable radiological

impact is expected on the aquatic biota or terrestrial mammals as a result of the quantity

of radionuclides to be released into the River R and into the air by fuel cycle plants.

D.1.4 Direct Radiation from Transportation 

The method used to calculate the dose to persons along the shipping route from a

vehicle containing radioactive material follows that developed in WASH-1238 (USAEC 1972).

The equation used to estimate population doses incorporates several factors that inte-

grate the dose to an individual as the radiation source passes his location. The formula

then integrates the dose to alT persons within a designated population distribution. The

factors considered are radiation source strength, velocity of the transport vehicle, popula-

tion density in areas of exposure to passing source, attenuation factors due to gamma inter-

actions with air, and buildup factor to account for the contribution of scattered radiation.

The Department of Transportation's regulations limit the radiation level allowable out-

side the transport container rather than restrict the container's contents. However, there

is still a radioactivity content limit for each kind of packaging and for each toxicity

grouping of radionuclides. Consequently, the shipping containers are designed and loaded

with that regulatory limit in mind. For this calculation, based on the regulatory limit of

10 mrem/hr at 6 ft from the surface of the vehicle, the maximum radiation dose rate at 10 ft

from the apparent center of the source was estimated to be 10 mrem/hr (USAEC 1972). The

radioactive shipment on the vehicle was considered to be a point source for distances from

the source of 100 ft or more.

The length of time an individual spends near a source is a determining factor in the

total dose received; thus the velocity of the source is important. It was assumed that a

long-haul, maximum-weight motor carrier shipment averages 720 miles per day and that a car-

load rail shipment averages 200 miles per day. Based on a uniform distance traveled each

day and uniform distribution of persons along the route, the cumulative radiation dose to

the population is the same whether the vehicle is always moving at a constant rate of speed

or is standing still part of the day. (Movement or lack of movement of the vehicle

obviously will have an effect on the dose distribution among individuals within the exposed

population.)

It was assumed that the average population density is 330 persons per square mile in

the United States east of the Mississippi River and in California, and 110 persons per

square mile in the other midwestern and western states. It is further assumed that no

people live within 100 ft of the railroad or highway right-of-way. The dose to persons
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farther than 2600 ft is negligible. The population was assumed to be uniformly distributed

between 100 and 2600 ft on each side of the route, grouped at 100 ft intervals. Since the

nuclear power facilities under consideration are assumed to have useful lifetimes of

30 years, the 70-year cumulative dose from transportation of wastes from a given facility

is approximated by multiplying the annual dose by 30.
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D.2 DOSE TO WORLDWIDE POPULATION 

Worldwide population doses were calculated for the three radionuclides that are consid-

ered to be the major contributors to total-body dose rates and long-term dose commitments:
3H, 14C, and 85Kr. A constant world population of 6.4 x 109 persons was used for this

analysis. This value, which is based on a United Nations projection, was reported by

Killough (1977) for the year 2000. It agrees with the value of 6.3 x 109 derived from the

method of the Environmental Protection Agency (EPA) (1973) using projections based on a

1970 population of 3.56 x 109 persons and an annual growth rate of 1.9%.

A different method was used to determine the quantity of each of the radionuclides to

which the population was exposed. For 3H, dispersion was calculated using a seven-

compartment model that considered diffusion into and out of latitudinal bands. The expo-

sure of the population was calculated using assumed diets whose concentrations of 3H were

related to those in local surface waters. A specific activity approach was used for 14C

in which the concentration of 14C per gram of carbon in people was assumed to be equal to

that in atmospheric carbon dioxide. It was assumed that 85Kr diffused readily across lat-

itudinal bands so that in a few years the concentration was uniform throughout the world's

atmosphere. The dosimetry for 85Kr is based on external exposure of the body to a semi-

infinite cloud containing this radionuclide, with no accumulation within the body or in any

environmental reservoirs other than the air.

Although the method for each radionuclide is different, each probably estimates the

population dose to within an order of magnitude. Additional uncertainty is therefore intro-

duced when doses from all three radionuclides are totaled. Moreover, care must be exercised

in comparing the relative contributions of these three radionuclides because of the dif-

ferent methods and because of the uncertainty inherent in each.

Each of the three methods is discussed below.

D.2.1 Tritium

Tritium (3H) and tritium oxide released to the environment mix rapidly with the

ambient water and become part of the hydrologic cycle. Tritium rains out or is washed out

of the atmosphere almost entirely in the hemisphere in which it is released. Transport

across latitudinal bands even in the same hemisphere is slow (Renne et al. 1975). As a

result, the tritium released from facilities in the United States will reach peak environ-

mental concentrations in the 30° to 50° latitude band of the northern hemisphere, where

most of the world's population resides.

Baker (1976) has calculated the radiation doses received by local (50-mile radius),

regional (eastern United States), and worldwide populations from a continuous release of

1 Ci/yr of 3H to the atmosphere using the "box" model of Renne et al. (1975). The facil-

ity releasing the 3H was assumed to be located in the Midwest. Although the magnitude of

the dose to the local population is sensitive to the specific site chosen, the regional pop-

ulation dose should be similar for most midwestern sites. In addition, the world population

dose depends upon the latitude band and not the longitude of the release point.
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Baker's analysis indicated that for a constant world population of 3.8 x 109 persons,

the collective population dose rate, at equilibrium with a continuous release of 1 Ci/yr

of 
3
H, was 1 x 10

-2 man-rem/yr for all three population groups combined. Less than 10% of

this dose was received by persons residing within 80 km of the plant site but about half was

received by the eastern U.S. population during the initial pass of the 3H released from the

midwestern site. The actual dose to the regional U.S. population from a 3H release to the

atmosphere could range from near zero for plants situated on the eastern seaboard to values

approximately equal in magnitude to the equilibrium worldwide population dose for plants

situated in the West or Midwest.

In Baker's model (Baker and Soldat 1976) the 3H content of water and food consumed by

the world's population was assumed to be related to, but not necessarily as high as, the 3H

concentration in the surface waters of the appropriate latitude band. Even so, the

population-weighted average surface water concentrations were higher than those obtained in

the simpler model used by the EPA (1973 and 1974), which assumed mixing of the 3H in the

circulating ocean water of the northern hemisphere. As a result, Baker's calculations of

dose to the world population (excluding the United States) are about seven times greater

than those estimated by EPA.(a)

For the commercial waste management study, the methods used by Baker were adopted with

the exceptions of changing the world population from 3.8 x 109 persons to 6.4 x 109 persons

and using a release time of 30 years in place of a continuous release out to equilibrium.

The resulting dose factors per unit release are summarized in Table D.2.1.

TABLE D.2.1. Total-Body Dose Factors, and Dose Commitment Factors for the World
Population (6.4 x 109 persons), man-rem per Ci/yr released(a)

Accumulated
poe Factor Dose Factqr Dose Commitment

Radionuclide (1/1)0) (1/30)(c) (70/30)0) Factor (70/1)(e)
3
H 4.7 x 10-4 6.8 x 10-3 2.4 x 10-1 8.2 x 10-3

14C 2.4 7.2 x 101 4.0 x 103 1.7 x 102

85Kr 3.1 x 10-5 4.1 x 10-4 1.4 x 10-2 4.7 x 10-4

(a) Exclusive of contribution to eastern U.S. population dose from first pas-
sage of fuel reprocessing plant (FRP) gaseous effluents if FRP is
located in the Midwest or West.

(b) World population dose in first year after a 1-Ci release (instantaneous
equilibrium).

(c) Annual world population dose in the 30th year (year 2000) after 30 years
of continuous release of 1 Ci/yr.

(d) Seventy-year accumulated dose to the world population from 30 years of
release at 1 Ci/yr followed by 40 years exposure to the residual environ-
mental contamination.

(e) Seventy-year dose commitment to the world population from a 1-year
release of 1 Ci/yr to the environment plus continued exposure to the
residual environmental contamination.

(a) The calculated U.S. population dose, however, is only two times higher for the Baker
model than for the EPA Model. The net result is that the combined world population dose
(including the U.S. population) is about three times higher via Baker's model than via
the model used by EPA.



D.9

D.2.2 Carbon-14 

Most 14C released to the atmosphere from nuclear facilities will be

carbon di oxi de (CO2), wi th possi bl e traces of organic compounds rel eased

specific processes within the nuclear fuel cycle. After mixing with the

the atmosphere, the 14CO2 can either become incorporated directly in plant

washed out of the atmosphere onto land or water surfaces.

Most analyses of the long-term radiation doses to large popul ati on groups from 14C

include the following assumptions:

1. Carbon-14 is released to the atmosphere

2. It mixes rapidly with all carbon in the

(320 ppm CO2).

3. Mechanisms that remove carbon into less accessible sinks such as the deep ocean

or that dilute the 14CO2 with increased CO2 releases from future fossil-fuel

combusti on can be i gnored .

as CO2'

in the form of

from certai n

exi sti ng CO2 i n

material or

world's atmosphere--6.2 x 1017 g

4. The specific activity (that is, activity of 14C per unit weight of carbon) in

the tissues of man eventually equilibrates with that in the atmosphere.

More complicated models are possible. Macht

model for CO2' similar to the one discussed for 
3

(Magno et al. 1974 and Fowler et al. 1976) for us

populations from 14C injected into the tropospher

was used only to predict the specific activity of

a (1973) developed a seven-compartment

H. It was further modeled by the EPA

e in predicting radiation doses to large

e by the nuclear industry. The EPA model
14C in the troposphere including, how-

ever, modifications for the sinks mentioned in assumption 3. Assumption 4 was then used to

calculate dose to man. Fowler et al. (1976) included an estimate that 99% of man's 14C

intake is through food and only 1% is through inhalation.

Killough (1977) further modified the EPA seven-compartment model to incorporate newer

data on diffusive

the concentration

of dissolved CO2'

vertical transport of CO2 in the deep ocean and the relationship between

of inorganic carbon in the ocean surface waters and the partial pressure

The computer code developed by Killough to implement the resulting

model is documented in detail.

For purposes of the commercial waste management analysis, the conservative model out-

lined in assumptions 1 through 4 was adopted. This model was also adopted by the Nuclear

Regulatory Commission (NRC) in its testimony at the Allied General Nuclear Services (AGNS)

reprocessing pl ant license hearings (Eckerman 1974). By comparison the doses cal cul ated

usi ng thi s simpl e approach are about 25% hi gher than those cal cul ated by EPA (Fowl er et al .

1976), 50% higher than those estimated by Baker (1976), and nearly seven times higher than

those obtai ned by Kil 1 ough (1977) . The compari son wi th Kill ough i s not , however, , strai ght-

forward because of the assumptions of growing population and increasing CO2 concentrations

used by that author.
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D.2.2.1 Dose Conversion Factors for Carbon-14 

The assumptions that the specific activity of 14C per gram of carbon

tually reaches equilibrium with that in the atmosphere and that there are

in the 70-kg body of Reference Man (ICRP 1959) lead to the derivation of

mitment factors as discussed in the following paragraphs.

At a release rate of 1 Ci/yr over 30 years the accumulated quantity

environment will be 30 Ci. At the end of an additional 40 years there wi

in the environment. Diluting 30 Ci in the 6.15 x 1017 g of carbon in the

(Killough 1977) yields a specific activity of

(30 Ci x 1012 pCi/Ci)/(6.16 x 1017g) = 4.87 x 10 -5pCi/g

in man even-

16.1 kg of carbon

dose and dose com-

of 14C in the

11 still be 30 Ci

atmosphere

The dose rate (DR) factor after 30 years of release can be calculated from the following

equation (Soldat 1976):

where

DR = 0.0187 CE rem/yr

C = concentration in body (pCi of 14C per g of body

= (4.87 x 10-5 pCi of 14C per g of C) (1.61 x 104

= 1.12 x 10-5 pCi/g

E = 0.0538 (MeV/dis) • (rem/rad),

The factor 0.0187 is derived from the product of (0.037 dis/sec per pCi) (3.156 x

107 sec/yr) (1.602 x 10-8 g • rad/MeV).

Therefore

DR = (0.0187) (1.12 x 10-5) (0.0538)

= 1.13 x 10
-8 rem/yr per person

For 6.4 x 109 persons, the worldwide dose rate factor thus

the release of 1 Ci/yr for 30 years.

The 70-year dose commitment (DC) factor, which is the

tissue)

g of C)/(7 x 10
4 

g total body)

becomes 72.1 man-rem/yr after

sum of the dose during

and the dose after release has stopped, is calculated as follows:

DC = [(0 + 72.1 man-rem/y6/2] (30 yr) + [(72d man-rem/yr) (40 yr)]

= 3970 man-rem per 1 Ci/yr released for 30 years.

These dose factors are summarized in Table D.2.1.

release
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D.2.3 Krypton-85 

When krypton-85 is released to the atmosphere it will mix rapidly with the atmosphere

in the hemisphere in which it is released. After about 2 years it will also be fairly well

mixed throughout the world's atmosphere. For purposes of this analysis, therefore, simple

uniform worldwide mixing of 85Kr in the world's atmosphere has been assumed. Similar

assumptions have been used by the NRC in its testimony for the AGNS fuel reprocessing facil-

ity at Barnwell (Eckerman and Congel 1974) and the EPA in its projections of population dose

commitments from the nuclear industry (EPA 1973 and 1974).

The National Council on radiation Protection and Measurements has published a discus-

sion of the behavior and significance of 85Kr in the atmosphere (NCRP 1975). In that

report a comparison was made between the population exposure estimates made by detailed

modeling of 85Kr dispersion and estimates assuming uniform mixing in the world's

atmosphere.

The model used in this analysis ignores the higher concentrations near the source and

during the first pass through the latitudinal band where the release occurs. As a result,

the model underestimates the local and regional dose at short times after the release. How-

ever, the net effect on the worldwide dose from long-term accumulated dose commitment expo-

sure is small--about 10 to 20%, depending on whether the nuclear facility is sited in the

Midwest or on the East Coast. The rapid mixing across the equator makes separate accounting

of the northern and southern hemisphere population doses unnecessary.

D.2.3.1 Dose Conversion Factors for Krypton-85 

The world's atmosphere contains 3.96 x 1018 m3 of air at standard temperature and

pressure (NCRP 1975). The concentration of 85Kr at any time is simply the cumulative

amount released (corrected for radioactive decay) divided by the volume of the atmosphere.

For a continuous uniform release rate of 1 Ci/yr, the concentration (Ct) of krypton

becomes

Ct = [(1 Ci/yr) 
(1012 pCi/Ci)/(3.96 x 1018 m3)] [1 - exp(-Xt),/x

= (2.53 x 10-7) Ill - exp(-xt)]/x
1 

pCi/m3 per Ci/yr released

where

x = radiological decay constant for 85Kr of 0.0648 per year

t = years since start of release.

For 30 years of continuous release at 1 Ci/yr the expression [1 - exp(-xt)1 /X becomes

13.2. This indicates that after 30 years 13.2 Ci remain in the environment out of the total

of 30 Ci released. The concentration (C
30
) then becomes

= 2.53 x 10
-7 (13.2) = 3.34 x 10-6 3

pCi/m per Ci/yr.
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The concentration during the next 40 years after the release has stopped is this 30th year

concentration corrected for decay. Thus the total time-integrated concentration (TIC) is the

sum of the combined expressions for concentration during the two time periods (0 to 30 years

and 30 to 70 years). This yields the following equation:

TIC = (2.53 x 10
-7
) (1/x

2 
) + exp (-xt2) - exp(-)4t) (pCi.yr/m

3
) per Ci/yr released

where

t
1 
= time over which release occurs,

t
2 
= time over which dose is calculated,

At = t2 - ti.

For t1 = 30 years and t2 =. 70 years the expression within brackets becomes 448, which

yields a time-integrated concentration of

1.13 x 10
-4 

pCi.yr/m3 per Ci/yr.

Unlike 3H and 14C, which emit only low-energy beta particles during their radio-

active decay, 85Kr emits a gamma photon in a small percentage of its decays. These photons

plus a small contribution from bremsstrahlung associated with the beta decay are

capable of irradiating the whole body(a) during external exposure to 85Kr dispersed in air.

Krypton-85 is not significantly absorbed into the body during inhalation, and this pathway

makes a negligible contribution to the whole-body dose (NCRP 1975).

Soldat et al. (1973) have calculated the whole-body dose factor for a person immersed

in a half-infinite cloud of 85Kr to be 2.2 x 10
-3 

mrem/hr per Ci/m3 (1.9 x 10
-8 

rem/yr per

pCi/m3). Combining this dose factor and a constant world population of 6.4 x 109 persons

with the expression for concentration (C30) yields the world population whole-body dose

rate in the 30th year as follows:

13.34 x 10-6 (pCi/m3) per (Ci/yr)] (6.4 x 109 persons) [1.9 x 10-8 (rem/yr) per (pCi/m3)]
= 4.08 x 10

-4 
man-rem/yr per Ci/yr released for 30 years.

The accumulated 70-year dose is

[1.13 x 10-4 (pCi.yr/m3) per (Ci/yr)1 (6.4 x 109 persons) [1.9 x 10-8 (rem/yr) per (pCi/m3)]

= 1.38 x 10
-2 

man-rem/70 years per Ci/yr released for 30 years.

These factors are summarized in Table D.2.1.

(a) Defined as the layer of tissue lying 5 cm below the surface of the skin.
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D.2.4 Dose Conversion Factors for System Analysis 

The nuclear fuel cycle facilities in place and operating will change year by year. To

obtain a realistic assessment of the long-term population dose commitments, calculation of

the dose commitment from each year's operation followed by a summation of these yearly val-

ues is necessary. This can best be assessed by deriving population dose commitment factors

for a one-year unit release.

Because of the nature of the three radionuclides involved in the world population dose

estimates (3H, 14C, and 
85Kr), there is no long-term accumulation in the body. Hence,

each year's release and resulting dose commitment can be treated independently of the

others.

The following expression relates the 70-year dose commitment (from a 1-year chronic

release) to the dose in the first year.

R = (1/x2) 1-A1 + exp(-t2) - exp (-mq (yr)2

where

t1 = 1 year,

t2 = 70 years,

t = t2 - t1 = 69 years,

A = radioactive decay constant (1n2/half-life).

The values of this ratio for 3H, 14C, and 85Kr are given in Table D.2.

Table D.2.2 also includes the dose commitment factors per unit release obtained when these

ratios are applied to the first-year dose (item 1/1 from Table 0.2.1).

Using these dose factors and annual releases of 3H, 14C, and 85Kr from waste man-

agement facilities, estimates of worldwide population dose can be obtained for the evolving

cycle systems.

TABLE D.2.2 70-Year World Population Dose Commitment
from a 1-Year Chronic Release, man-rem/70
years per Ci/yr released

Radionuclide Ratio(a) Dose Commitment Factor(b)

3H 17 8.2 x 10-3

14C 69 1.7 x 102

85Kr 15 4.7 x 10-4

(a) Ratio of 70-year dose commitment from a 1-year chronic
release to the dose in the year of release.

(b) Seventy-year dose commitment to the world population
from a 1-year release of 1 Ci to the environment plus
continued exposure to the residual environmental
contamination.
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APPENDIX E

RADIOLOGICALLY RELATED HEALTH EFFECTS

The radiation dose to man from ingestion, inhalation, or external exposure to specified

quantities of radionuclides can be calculated with reasonable confidence. Estimates of the

amounts of radioactive material that may be released from Commercial Waste Management (CWM)

operations, however, and fractions reaching man via various enviromiental pathways are not

as well def ined. The rel ationship of dose to so-cal led "heal th effects" is even 1 ess well

defined. Thus, estimates of "health effects" that may result from radiation exposure con-

sequent to CI44 activities can derive only from a chain of estimates of varying uncertainty.

The usual practice in making these estimates is that if an error is to be made, it will be

made in a way intended to overprotect the individual. As a result, if the chain of esti-

mates is long, there may be considerable conservatism in the final value.

Because expected releases of radioactive materials are small, and the radiation dose

to any individual is small, the effects considered are long-delayed somatic and genetic

effects; these will occur, if at all, in a very small fraction of the persons exposed.

Except as a consequence of the unusually severe accident involving larger doses, no possi-

bility exi sts for an acute radi ati on effect . The effects that must be consi dered are

1) cancers that may result from whole body exposures, and more specifically, from

radioactive materials deposited in lung, bone, and thyroid; and 2) genetic effects that are

reflected in future generations because of exposure of the germ cells.

Knowledge of these delayed effects of low doses of radiation is necessarily indirect.

This is because their incidence is too low to be observed against the much higher background

incidence of similar effects from other causes. Thus, for example, it is not possible to

attribute any specific number of hunan lung cancers to the plutonium present in everyone's

lungs from weapons-test fallout, because lung cancers are known to be caused by other mate-

rials present in much more hazardous concentrations, and because lung cancers occurred

before there was any pl utoni urn. Even i n control 1 ed studi es wi th experimental animal s, one

reaches a low incidence of effect that cannot be distinguished from the level of effect in

unexposed animals, at exposure levels far higher than those predicted to result from CM

activities. Hence, one can only estimate a relationship between health effect and radiation

dose, basing this estimate upon observations made at very much higher exposure levels, where

effects have been observed in man, and carefully studied animal experiments. In this con-

text the National Council on Radiation Protection and Measurements has said (NCRP 1975):

"The NCRP wishes to caution governmental policy-making agencies of the unreasonableness of

interpreti ng or assuming ' upper limit' estimates of carci nogeni c ri sks at low radi ati on
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levels derived by linear extrapolation from data obtained at high doses and dose rates, as

actual risks, and of basing unduly restrictive policies on such interpretation or

assumption" (NCRP 1975, p. 4).(a)

An alternative approach involves direct comparison of the estimated radiation doses

from CWM activities with the more accurately known radiation doses from other sources. This

avoids the most uncertain step in estimating health effects (the dose-effect relationship)

and provides a comparison with firmly established data on human exposure (i.e., the exposure

to naturally occurring radiation and radioactive materials). Some people prefer to judge a

risk's acceptability on knowledge that that risk is some certain fraction of an unquantifi-

able, but unavoidable, natural risk, than to base this judgement on an absolute estimate of

future deaths that might be too high or too low by a large factor. Because of these judg-

mental problems it is the practice in this Statement to compare estimated radiation exposure

from CWM activities with naturally occurring radiation exposure as well as to indicate esti-

mates of cancer deaths and genetic effects.

E.1 LATE SOMATIC EFFECTS 

Recently much literature has dealt with the prediction of late somatic effects of very

low-level irradiation. This literature is not reviewed in detail here because it is recent

and readily available. Instead, the various dose-effect relationships that have been pro-

posed are briefly considered and justification is given for the range of values employed in

this Statement.

Two publications have served as the basis for most recent efforts to quantify late

somatic effects of irradiation. These are the so-called BEIR Report, issued in 1972(b)

by the National Academy of Sciences as a report of its Advisory Committee on the Biological

Effects of Ionizing Radiations (NAS-NRC 1972); and the so-called UNSCEAR Report, a report

to the General Asembly by the United Nations Scientific Committee on the Effects of Atomic

Radiation, most recently revised in 1977 (UNSCEAR 1977).

Both the BEIR and UNSCEAR Reports draw their conclusions from human effects data derived

from medical, occupational, accidental, or wartime exposures to a variety of radiation

sources: external x-irradiation, atomic bomb gamma and neutron radiation, radium, radon and

radon daughters, etc. These observations on humans were, of course, the result of exposures

to relatively large total doses of radiation at relatively high dose rates. Their extrapola-

tion to the low doses and dose rates of concern to us is acknowledged by the BEIR Report as

"fraught with uncertainty" (p. 7). The BEIR Report concludes, however, that the assumption

of a linear relationship between dose and effect, extending to zero dose with no threshold

dose below which no effects are predicted, "in view of its more conservative implications,...

(a) EPA commented that this paragraph reflects a bias on the part of the authors. However,
the NRCP quotation was chosen because it represented the negative point of view, and it
was the purpose of this paragraph to reflect that point of view.

(b) A version of this report is in progress.
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warrants use in determining public policy on radiation protection." But it further

cautions that "explicit explanation and qualification of the assumptions and procedures

involved in such risk estimates are called for to prevent their acceptance as scientific

dogma" (p. 97).

The BEIR Report makes estimates of both absolute risk (cancer deaths per unit of radia-

tion exposure) and relative risk (percentage increase above normal incidence of cancer

deaths per unit of radiation exposure). And for each of these approaches it assumes either

a 30-year or a duration-of-life interval following the latent period, during which risk

remains elevated for non-leukemic cancer. Separate risk estimates are derived for the

in utero, 0-9 years, and 10+ years age periods, reflecting presumed age differences in the

sensitivity to radiation. The derivation of these risk estimates and their application to

the U.S. population is summarized in the BEIR Report (p. 169) where the number of excess

cancer deaths per year in the U.S. population, because of continual exposure at a rate of

0.1 rem/yr, is estimated as:

• 1726 for the absolute risk model with 30-year risk plateau

• 2001 for the absolute risk model with duration-of-life risk plateau

• 3174 for the relative risk model with 30-year risk plateau

• 9078 for the relative risk model with duration-of-life risk plateau.

The exposure rate of 0.1 rem/yr employed in these estimates is in the range of doses

received from naturally occurring radiation sources in the continental U.S.

The BEIR Report risk estimates are shown in Table E.1.1, converted to a man-rem basis.

This conversion involved dividing the risk estimates of Table 3-1, page 169, of the BEIR

Report, by 20,000,000, since the U.S. population, taken as 200,000,000, if exposed to

0.1 rem/yr, receives a total annual exposure of 20,000,000 man-rem. The BEIR Report pro-

vides estimates for leukemia and for "all other cancers"; the "all other cancers" category

is further subdivided for the absolute risk model as applied to those aged 10 or more.

Values for bone and lung cancer are shown in Table E.1.1 as though the apportionment applied

to the total population. It is important to note that the approximately five-fold range of

values for total cancer deaths predicted by the four different BEIR Report models do not

define a range between maximum and minimum possible values. They are merely four estimates,

based on different assumptions, between which it is not possible to make a confident choice

based on present knowledge.

The Environmental Protection Agency (EPA) in its Environmental Analyses of the Uranium

Fuel Cycle (EPA 1973, 1976) chose single risk estimates, based on the BEIR Report, which it

considered" the best available for the purpose of risk-cost benefit analyses, [while caut-

ioning that] they cannot be used to accurately predict the number of casualties" (EPA 1973,

p. C-14). These EPA risk estimates, expressed as cancer deaths per million man-rem, are

also listed in Table E.1.1. The derivation of these numbers is not detailed in the EPA pub-

lications, but theicontinue to be used by the EPA and have been adopted by others.



TABLE E.1.1. Comparison of Various Estimates of Cancer Deaths per Million Man-Rem

BEIR Report (NAS-NRC 1972) 
Absolute Relative

Risk Model  Risk Model  Environmental Reactor Safety Study (NRC 1975) 
30-Year Life 30-Year Life Protection Upper Central UNSCEAR

Type of Cancer Plateau Plateau Plateau Plateau 
Lower

Estimate(b) Bound(b) Report(2) ICRP-26(10)Agency  Bound 

Leukemia -26-(a) _37_(a) 54 (1973a) 28 5.6 0 15-25 20

Non-leukemic 60 74 122 417 106 42 0

Lung 16 19 60 (1973b) 22 4.4 0 25-50 20

Bone 2.4 3.0 16 (1973a) 7 1.4 0 2-5 5 m
Thyroid 13 2.6 0 5-15 5 4=.

Total 86 100 159 454 200 (1973b) 134 48 0 100 100

(a) 10-year risk plateau following in utero exposure, otherwise 25 years.
(b) Calculated on the assumption that no individual dose will exceed 10 rem.
NOTE: The term "health effects" is sometimes used to include sublethal cancers and less serious genetic defects. However, the

estimates made in this statement are for cancer deaths and serious genetic effects.
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The Reactor Safety Study(a) (RSS) of the Nuclear Regulatory Commission (1975; this

is commonly known as the Rasmussen Report) included an effort by an Advisory Group on Health

effects to update and extend the conclusions of the BEIR Report (NRC 1975). Among the 17

members of this Advisory Group were five who also had served on the BEIR Committee. The RSS

derived three classes of risk estimates: an "upper-bound estimate," a "central estimate,"

and a "lower-bound estimate." In contrast to the different BEIR Report risk estimates, the

RSS estimates purport to establish a range within which the true value should be found. The

RSS risk estimates for organs of interest to this Statement, and as applied to low-dose

exposure, are listed in Table E.1.1. The details of the temporal exposure patterns, age

distributions, and computational approaches employed in the BEIR and RSS Reports are not

identical, and the risk estimates are therefore not strictly comparable; but errors from

this source are negligible in comparison to the other uncertainties involved.

In arriving at upper-bound estimates, the RSS made two significant changes in BEIR

assumptions and modified several numerical values on the basis of newer data. The "relative

risk model" of the BEIR Report was eliminated and all estimates were based on the "absolute-

risk model" and the plateau period for expression of non-leukemic cancer following postnatal

exposure was taken as 30 years; the duration-of-life plateau option of the BEIR Report was

dropped. The rationale for these changes is presented in the RSS Report. The major change

resulting from new data was a 40% reduction in the leukemia risk of in-utero exposure; this

was based upon revised dosimetry provided by the authors of the publication from which the

BEIR risk estimate was primarily derived. The upper-bound estimates shown in Table E.1.1

are taken directly from Table VI 904, p. 9-33, of the RSS Report (NRC 1975), except for the

thyroid cancer risk; this is derived from a "case" estimate of 134 per million man-rem modi-

fied by a mortality estimate of 10% (NRC 1975, p. 3-26 and 9-27).

The RSS central estimate "modifies the upper-bound estimate by correcting for risk

reduction caused by both the ameliorating effects of dose protraction and the lesser effec-

tiveness of very small acute doses" (NRC 1975, p. G-7). This correction acknowledges the

preponderance of data from experimental studies, which indicate that the dose-effect rela-

tionship is not linear and that low doses of low LET (linear energy transfer) radiation

delivered at low dose rates afford a significant opportunity for repair of radiation damage.

The RSS discusses and references the extensive radiobiological literature on this subject

and concludes that at doses below 10 rem, or at dose rates below 1 rem/day, a "dose-

effectiveness factor" of 0.2 is justified (i.e., for a given total dose the dose efective-

ness in producing a "health effect" is less at smaller dose rates). This was still

considered a conservative position, the RSS Advisory Group on Health Effects was "of the

unanimous opinion that the dose effectiveness factors they recommended probably overestimate

the central estimate" (NRC 1975, p. 9-22). It should be recognized that some may not agree

in applying such a factor in the human case, where the very limited data do not entirely

a) Since the Reactor Safety Study (RSS) represents the conclusions of a respected body of
scientists, many of whom were also members of the BEIR Committee, the values reported in
the RSS were not adopted but rather were considered when the values in Table E.1.2 were
derived.
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support the RSS position (Brown 1976). The EPA, in its formal review of the RSS study, dis-

agreed with several aspects of the RSS health effects model, including the 0.2 dose rate

effectiveness factor, and concluded that the RSS central estimate of late somatic effects

"may be underestimated by a factor of 2 to 10" (EPA 1976).

Finally, the RSS acknowledges in its lower-bound estimate the possibility that a

threshold for cancer induction may exist. While a threshold for primary radiation effects

at the molecular level is considered unlikely on theoretical grounds, the mechanisms by

which such effects become expressed as cancers are not understood, and available data in no

way preclude the possibility of a threshold for these expressed effects. The RSS calculates

its lower-bound estimate assuming a 10- or 25-rem threshold dose, either of which is larger

than most doses predicted to occur to an individual from CWM activities.

The most recent and most thoroughly documented estimates of cancer risk from radiation

exposure are those contained in the 1977 UNSCEAR Report. These values are listed in

Table E.1.1. The UNSCEAR Report cautions that these values are". . . derived essentially

from mortalities induced at doses in excess of 100 rad. The value appropriate to the much

lower dose levels involved in occupational exposure, and even more so in environmental expo-

sures to radiation, may well be substantially less; . . ." (p. 414). Also shown in

Table E.1.1 are the risk estimates adopted in the 1977 Recommendations of the International

Commission on Radiological Protection (ICRP 1977), which were based primarily on the UNSCEAR

Report.
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E.2 GENETIC EFFECTS 

It is known that genetic effects result from alterations within genes, called muta-

tions, or from rearrangements of genes within chromosomes. There is no radiation-dose

threshold for the production of mutations, but repair of damage to genetic material can

occur during exposure at low dose rates. This information is reviewed and discussed at

length in the 1977 UNSCEAR Report.

The conventional approach to this problem has been to estimate a "mutation doubling

dose," i.e., the radiation dose required to double the existing mutation rate. The BEIR

Report concludes that this doubling dose for humans lies in the range of 20 to 200 rem. The

UNSCEAR Report considers additional experimental data and opts for a single value of

100 rem. Given a number for the doubling dose, if one can assume that radiation-induced

mutations have the same effect on health as normally occurring mutations and if one knows

the burden of human ill health attributable to such normally occurring mutations, one can

directly estimate the genetic effect of any given radiation dose. Unfortunately, it is not

clear that radiation-induced mutations are equivalent in effect to normally occurring muta-

tions. Nor is there any confidently accepted quantification of the human ill health attrib-

utable to these normally occurring mutations.

Four kinds of specifically recognized genetically associated diseases are usually

distinguished.

1. Autosomal dominant disorders are those caused by the presence of a single gene.

The most common examples are: chondrodystrophy (abnormal cartilage development),

osteogenesis imperfecta (abnormally brittle bones), neurofibromatosis (disease

characterized by multiple soft tumors), eye anomalies including congenital

cataract, and polydactylism (more than 10 fingers or toes) (Trimble and Doughty

1974). It is generally agreed that these disorders will double in frequency if

the mutation rate is doubled (NAS-NRC 1972 and UNSCEAR 1977). There is some dis-

agreement on their normal frequency of occurrence: the earlier data (Stevenson

1959) employed in the BEIR Report indicate a 1% normal incidence, while a more

recent study of and Trimble and Doughty 1974), indicates an incidence of

something less than 0.1%. These new data have not been fully accepted, however,

and the 1977 UNSCEAR Report continues to employ the 1% normal incidence figures.

2. Multifactorial (irregularly inherited) disorders have a more complex and ill-

defined pattern of inheritance. These diseases include a wide variety of congen-

ital malformations and constitutional and degenerative diseases. Their normal

incidence in the population was estimated in the BEIR Report to be about 4% (NAS-

NRC 1972); however, the newer data of Doughty and Trimble suggest an incidence as

high as 9-10%,(UNSCEAR 1977). The BEIR Report states that, "The extent to which

the incidence of these diseases depends on mutation is not known" but assumes a

"mutational component" of 5 to 50% (p. 56). The 1977 UNSCEAR Report employs a

single figure of 5% and considers 10% to be an upper limit (p. 429). Newcombe has

argued that "the bulk of the most directly pertinent experimental studies thus
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fail to demonstrate any important effect of irradiation on the irregularly

inherited diseases, or on general health and well being," and concludes that "the

collectively numerous irregularly inherited diseases of man are unlikely to be

substantially increased in frequency by exposure of his germ plasm to radiation"

(Newcombe 1975).

3. Disorders due to chromosomal aberrations include diseases characterized by changes

in the number of chromosomes, or in the structural sequence within chromosomes.

It is generally agreed that these diseases will show little increase as a result

of low-level, low-LET irradiation, and they were not quantified in the BEIR

Report. The 1977 UNSCEAR Report includes a numerical estimate for such effects.

4. Spontaneous abortions are known to occur as a result of chromosomal effects, often

so early in pregnancy as to be undetectable. Such effects have been generally

excluded as not a relevant health effect (NAS-NRC 1972).

In addition to the above specifically identifiable genetic effects, there may well be

genetic influence on other unquantifiable aspects of physical and mental ill health. The

BEIR Report assumed that two-tenths of this "ill health" was due to genetic factors related

to mutation, acknowledging that "it may well be less, but few would argue that it is much

higher" (p. 57). Using this factor and a mutation doubling dose of 100 rem, one calculates

an eventual 0.2% increase in "ill-health" as a consequence of continual exposure to 1 rem

per generation. Such ill-defined effects cannot be quantitatively compared to specific

genetic effects, or carcinogenic effects, not can they be stated on a man-rem basis.

Table E.2.1 summarizes the BEIR Report and UNSCEAR Report genetic risk estimates.

The EPA has employed an estimate of 300 genetic effects per million man-rem (EPA 1973,

Part III), as has also the Medical Research Council in England (MRC 1975). The newer data

on the normal frequency of autosomal dominant disorders (Trimble and Doughty 1974), and

Newcombe's (1975) evaluation of the significance of multifactoria disorders, lead to an

estimate for total genetic effects of only 10 per million man-rem. A11 of these estimates

are for total effects, to be experienced over all future generations.

TABLE E.2.1. Estimates of Genetic Effects of Radiation Over All Generations

BEIR UNSCEAR EPA Newcombe
Report (1972) Report (1977) (1973) (1975)Type of Effect

Autosomal Dominant
Disorders 50-500 100 10

Chromosomal Disorders 40

Multifactorial Disorders 10-1000 45

Total 60-1500 185 300 10
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E.3 CONCLUSIONS 

For this Statement a range encompassing commonly used cancer risk factors has been

employed, as indicated in Table E.3.1. At the same time the possibility of zero risk at

very low exposure levels is not excluded by the available data. The lower range of risk

estimates in Table E.3.1. may be considerd more appropriate for comparison with the esti-

mated risks of other energy technologies. The upper part of the range may be more appro-

priate for radiation protection considerations.

A range of 50 to 300 specific genetic effects to all generations per million man-rem

was employed in this Statement. The lower value recommended by Newcombe has not been gener-

ally accepted and the upper end of the BEIR Report range seems too high in the light of

newer evidence discussed in the 1977 UNSCEAR Report. As in the case of the somatic risk

estimates, the lower end of the range may be considered more appropriate for comparative

risk evaluations, while the upper end of the range may be appropriate to radiation protec-

tion considerations.

A11 estimates of health effects, as quoted elsewhere in this Statement, employ the risk

factors summarized in Table E.3.1. No special risks are considered to be associated with

any specific radionuclide except as reflected in the calculation of their dose equivalent

(in rems) in the various tissues of concern. However, because of their particular signifi-

cance, effects attributable to certain radionuclides (3H, 14C, 85K, and plutonium) are dis-

cussed separately on the following pages.

TABLE E.3.1. Health Effects Risk Factors Employed
in This Statement

Predicte0 Incidence
Type of Risk  per 10" man-rem 

Fatal cancers from:

Total body exposure 50 to 500

Lung exposure 5 to 50

Bone exposure 2 to 10

Thyroid exposure 3 to 15

Specific genetic effects
to all generations from
total body exposure 50 to 300

Total 100 to 800
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E.4 SPECIFIC CONSIDERATION OF HEALTH EFFECTS FROM TRANSURANICS 

Data relevant for predicting specific health effects from transuranics have been con-

sidered elsewhere, in great detail (USAEC 1974, Bair 1974 and MRC 1975). Only the kinds of

data available and the approaches that might be taken if specific transuranic health effect

predictions were desired are considered here.

E.4.1 Experience with Transuranic Elements in Man 

No serious health effects attributable to transuranic elements have been reported in

man. There are extensive data, however, on exposure of man to transuranic elements. Such

exposures arise from two main sources: the worldwide plutonium fallout from atmospheric

testing of nuclear weapons and other devices, and the accidental exposure of persons working

with transuranics. Since these exposures have produced no effects distinguishable from

effects caused by other causes, the information is useful in health effects prediction only

as an indication that unusual or unexpectedly severe effects are not to be anticipated;

i.e., such negative data can be used only to set an upper limit on possible effects.

E.4.2 Experience with Natural Radiation in Man 

Alpha-emitting elements are a natural part of the human environment. Humans have

lived with these internally deposited radioelements and with radiation from other natural

sources throughout the history of the species. It is of some relevance to note that inhaled

naturally occuring alpha-emitting radionuclides contribute an average annual dose of about

0.1 rem to the lung, and that naturally occurring alpha emitters in bone contribute an aver-

age annual dose at bone surfaces of about 0.04 rem (NCRP 1975). While these doses cannot

be related to any measure of specific effects, they have been at least "tolerable" on the

evolutionary scale, and therefore slight increases can hardly have catastrophic effects.

E.4.3 Data from Experiments with Animals 

Direct information on the toxicity of transuranic elements is available only from stud-

ies in experimental animals. The radiobiological literature suggests that the biological

effects observed in such animal experiments will at least qualitatively approximate those

that would occur in man exposed under the same conditions. Based on extensive data from

several animal species, it is concluded that the most probable serious effects of long-term,

low-level exposure to transuranics are lung, bone, and possibly liver tumors. Most of these

data are from experiments with plutonium, but can probably be applied to other transuranics

with less error than is involved in many other necessary assumptions. While quantitative

extrapolation from animal to man involves considerable uncertainty, the animal data suggest

tumor risks per million organ-rem of 60 to 200 for lung (Bair and Thomas 1976), and 10

to 100 for bone (Bair 1974, Mays et al. 1976). These estimates are compared with others in

Table E.4.1.
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BpR (1972) 

High°) Low(b) MRC (1975)

TABLE E.4.1. Comparison of Transuranic Health Risk Estimates
(Tumor deaths per million organ-rem)

Mays
et al.

(1976)

Risk Estimates
Based on Data

from Animals

Lung tumors 100 16 25 60-200(c)

Bone tumors 17 2 5 4 10-100(d)

Liver tumors 20

(a) Relative risk model with lifetime plateau (Newcombe 1975).
(b) Absolute risk model with 30-year plateau (Necombe 1975).
(c) Data from Bair and Thomas (1976).
(d) Data from Bair (1974) and Mays et al. (1976).

E.4.4 Data on Effects of Other Types of Radiation on Man 

Inferences concerning the effects of transuranic elements in man may be drawn from

information available on the effects of other forms of ionizing radiation in man; e.g., data

derived from medical, occupational, accidental, or wartime exposure of humans to different

radiation sources, including external x-radition, atomic bomb gamma and neutron radiation,

radium, radon and short-lived radon decay products. Such information has been summarized in

the BEIR and UNSCEAR Reports, as previously described. England's Medical Research Council

(1975), considering much the same information covered in the BEIR and UNSCEAR Reports,

derived risk estimates specifically applicable to plutonium.

Also of interest are recently accumulated data on the carcinogenicity of 224Ra in

human bone (Spiess and Mays 1971, 1972). These data are particularly relevant to risks from

plutonium, since 224Ra is predominantly an alpha emitter and, because of its very short

half-life (3.64 days), irradiates only the surface layer of bone, in much the same manner

as plutonium does. From these 224Ra data, Mays et al. (1976) have estimated a bone cancer

risk of 4 per million bone-rem.

Table E.4.1 compares tumor risk estimates from these several sources. Quantitative

application of these data to the very low exposure levels involved in population exposure

resulting from commercial waste management practices is uncertain; however, the kinds of data

presented in Table E.4.1 are reassuring because of their general agreement, and because they

predict no unusual incidence of effects not contemplated in the selection of the general risk

estimates used in this Statement.
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E.5 SPECIFIC CONSIDERATION OF HEALTH EFFECTS FROM KRYPTON-85 

The radiological significance of 85Kr was reviewed in a recent report of the National

Council on Radiation Protection and Measurements (NCRP 1975). Most of the discussion in

this appendix derives from that report, which should be consulted for details or for more

extensive citation of the literature.

Because krypton is virtually inert chemically, it is not metabolized. Exposure of

humans results from 85Kr in the atmosphere external to the body, from 85Kr inhaled into

the lung, and to a much smaller degree from 85Kr dissolved in body fluids and tissues.

Over 99% of the decay energy of 85Kr is in the form of a relatively weak beta ray (mean

energy, 0.25 MEV) which limits the hazard from external exposure. There is general agree-

ment that the dose to the sensitive cells of the skin from external exposure is about

100 times larger than the dose to the lung or any other internal organ (NCRP 1975, Kirk

1972, Soldat et al. 1975, Snyder et al. 1975).

The NCRP Report (1975) considers four categories of delayed effects from long-term

exposure to low-level environmental concentrations of 85Kr. These are: 1) genetic

effects, 2) overall carcinogenic effects, 3) carcinogenic effects on skin, and 4) possible

interaction of ionizing and ultraviolet radiation.

Estimation of genetic and overall carcinogenic effects of 85Kr exposure involves no

unusual features. Doses to gonads and to total body have been considered essentially iden-

tical by all who have considered the problem (NCRP 1975, Kirk 1972, Soldat et al. 1975).

Genetic and carcinogenic risk factors chosen for general applicaion in this Statement

(Table E.1.2) should be appropriate to 85Kr.

Carcinogenic effects on skin do constitute a unique problem, however, since the human

exposure dose from 85Kr is 100 times higher to the skin than to any other tissue. Dose-

response data on radiation-induced skin cancer are limited, but suggest a threshold-type

response; certainly the skin is less susceptible to radiation carcinogenesis than are many

other tissues. The BEIR Report (Weston 1973), after review of the available data, concludes

that "numerical estimates of risk at low dose levels would not seem to be warranted."

As a consequence, neither dose to skin nor estimated health effects that might result

from low-level skin irradiation are presented in this Statement. (Skin cancer is perhaps

the most easily controlled of all malignancies and is rarely fatal.)

The possibility of interaction between the radiation from 85Kr and solar ultraviolet

radiation, the latter of which is considered to be responsible for most human skin cancer,

was raised in the NCRP Report (NCRP 1975). There is no direct evidence for such interac-

tion, but the possibility was thought to justify further epidemiological and laboratory

studies.
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E.6 SPECIFIC CONSIDERATION OF HEALTH EFFECTS FROM TRITIUM 

Although tritium is subject to the uncertainties involved in any prediction of effects

at dose levels far below those for which there are experimental data, the relatively uniform

distribution of hydrogen throughout the body and our understanding of the metabolism of

hydrogen and water by the body do provide more confident dosimetry than is available for

most other radionuclides. If there is special concern about tritium effects, it relates

primarily to the difficulties of preventing its release to the environment, and to its

worldwide distribution and availability to man following release. Many aspects of the bio-

logical concerns for tritium in the biosphere are reviewed in the Proceedings of a symposium

on the subject, held in 1972 (Moghissi and Carter 1973).

There has been some concern that tritium incorporated in organic compounds, either

before or following ingestion by man, might present a substantially increased hazard. Such

an increased hazard might be due to: a) prolonged retention of the tritium-containing com-

pound, b) enhanced biological effectiveness of the radioactive disintegration due to conver-

sion of the hydrogen atom in a vital molecule to a helium atom (transmutation effect), or

c) an enhanced radiation effect due to origin of the beta ray within a vital molecule. If

the hydrogen of all molecules in the body were uniformly labeled with tritium, this would

add perhaps 50% to the whole body radiation dose from body water alone. Any larger

increased radiation dose from organically bound tritium could occur only if tritium were

preferentially incorporated or retained, in comparison with ordinary hydrogen. This possib-

ility was reviewed by Weston (1973) who concluded that, "it is apparent that large kinetic

isotope effects are often found for tritium-labeled compounds. In tracer experiments

utilizing tritium, observed rate constants could easily differ by an order of magnitude from

those for the analogous unlabeled compound. If tritium from a source of HTO at constant

specific activity is incorporated into a biological system by irreversible chemical reac-

tions, it will be discriminated against; and the tritium level in the biological system will

remain lower than that of the source. Conversely, kinetic isotope effects in the back

exchange to remove tritium after incorporation will favor retention of tritium in the bio-

logical system."

Although rather large isotope effects occur in individual chemical reactions, the over-

all effects in biological organisms seem relatively small, as discussed by Shtukkenberg

(1968). Thompson and Ballou (1954) compared tritium and deuterium in rats, as did Glass-

cock and Duncombe (1954). The effects were small, as they were in a study of algae (Crespi

et al. 1972). It therefore seems reasonable to assume, as was done in the dosimetric cal-

culations for this Statement, that tritium will behave like ordinary hydrogen; any error

introduced by such an assumption will probably overestimate the effects of tritium.

The significance of transmutation effects has been a controversial subject, but there

now appears to be agreement on the following conclusions, as expressed by Feinendegen and

Bond (1973): "The effects of intracellular tritium are overwhelmingly due to beta irradia-

tion of the nucleus. Transmutation effects do not produce a measurably increased effect

under most conditions and are detectable only, if at all, under highly specialized labora-

tory conditions. The origin of tritium beta tracks in, or their close juxtaposition to, the
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DNA molecule does not appear to enhance the degree of somatic effects." Studies of the

induction of gene mutations in mice also indicate no substantial transmutation effect

(Cumming et al. 1974).

Concern has been expressed for the case in which a developing female fetus is exposed

to elevated body water levels during oocyte formation; tritium corporated in these germ

cells would be retained until ovulation, and this might constitute a special genetic hazard

(Radford 1969). Osborne (1972), however, has estimated that in such a circumstance, less

than 0.2% of the initial dose rate to the nucleus originates from tritium incorporated in

DNA, and that it would be 30 years before the initial dose from body water was equaled by

the cumulative dose from DNA-incorporated tritium.

It would thus appear quite certain that tritium incorporated into organic compounds

poses no substantially increased hazard beyond that accounted for by its contribution to

whole body dose.

Tritium is a pure beta emitter of very weak energy--18.6 keV maximum. The linear energy

transfer (LET) of such a weak beta is higher than that of more energetic beta, x-, or gamma

radiation, and much experimental effort has been devoted to determining whether this higher

LET is reflected in an increased relative biological effectiveness (RBE). The International

Commission on Radiological Protection in its report on Permissible Dose for Internal Radia-

tion (ICRP 1959) used a quality factor of 1.7 for tritium, the value employed in the dosi-

metric calculations for this Statement. RBE studies were reviewed by Vennart (1968), who

concluded "that a value of QF different from unity of either tritium or other 6-emitters is

hardly justified, and the ICRP reduced the tritium quality factor to unity in 1969, an action

concurred in by the National Council on Radiation Protection and Measurements" (1971). More

recently, further evidence has been presented to justify a value higher than unity (Johnson

1973 and Moskalev et al. 1973). Of particular interest are studies of Dobson et al. (1974,

1975) on the survival of female germ cells in young mice exposed to a continuously maintained

level of tritium oxide in body water. These studies seem to indicate an increasing RBE with

protraction of exposure, with the suggestion of a limiting RBE value of about 4 at very low

doses. It is important to note, however, that an increasing RBE at very low doses for the

relatively high-LET beta radiation from tritium, is (on theoretical grounds, at least) more

likely due to a decreased biological effectiveness of the reference, low-LET radiation, than

to an absolute increase in tritium effectiveness.

With specific regard to the RBE for genetic effects, the induction of mutations by

tritium in mice has been recently studied at Oak Ridge National Laboratory (Cumming et al.

1974). The report of these studies presents the following conclusion: "Thus, if absorbed

dose to the testis is accepted as meaningful for purposes of comparison with gamma or

X-rays, the . . . point estimate of relative biological effectiveness (RBE) for postsperm-

atogonial germ-cell stages is close to 1, with fairly wide confidence intervals. The point

estimate of RBE for spermatogonia is slightly above 2, with confidence intervals which

include 1, and there remains the suggestion that the distribution of mutants among the seven

loci may differ from that produced by gamma rays" (Cumming et al. 1974).
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In summary, it may be concluded that research on both somatic and genetic effects

attributed to tritium has failed to produce results markedly different from those which

would have been predicted from a general knowledge of ionizing radiation. It may then be

assumed that the conventional methods of estimating radiation dose and biological effect,

as employed in this Statement, are applicable to tritium.
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E.7 SPECIFIC CONSIDERATION OF HEALTH EFFECTS FROM CARBON-14 

The radiological signficance of 14C has received much attention because 1) carbon

occurs everywhere in nature, including man; 2) 
14C has a long half-life, 5730 years; and

3) weapons tests have significantly increased global 
14C levels (UNSCEAR 1977, pp. 41-42).

Only recently has attention been directed to the considerably smaller 
14C releases that

may be expected from the nuclear fuel cycle (ERDA 1975, Hayes 1977).

As with tritium, there is concern that transmutation effects (i.e., effects resulting

from the conversion of a carbon atom to a nitrogen atom in a vital molecule) may increase

the health risk from 
14C beyond that attributable to the beta-radiation dose. This is of

particular concern with regard to genetic effects. Direct experimental data to settle this

question are not available. In his original article (1958) calling attention to health

risks from 14C, Pauling concluded "that the special mechanism involving 14C atoms in

the genes themselves is less important than irradiation in causing genetic damage."

Totter, Zelle and Hollister (1958), reviewing the then available data, concluded that

"subject to large uncertainty, the transmutation effect of 14C atoms contained in the

genetic material of the human body could lead to about the same number of genetic mutations

as the radiation effect from 
14C."

The general problem of transmutation

occurrence and importance of such effects

and Zelle 1969). Less work has been done

effects has received much recent study, and the

has been clearly demonstrated for 32P (Krisch

with 14C, and reported results are not entirely

consistent. In studies with Drosophila (fruit flies), Lee and Sega observed little, if any,

mutagenic effect from 
14C-thymidine incorporated in sperm. They concluded that "if trans-

mutation of 
14C is mutagenic at all, it is less effective than 

32P (in similar experi-

ments) by two orders of magnitude;" and that, "for practical purposes in considering muta-

genic hazards or toxicity effects due to chromosome breakage, only the beta radiation of
14C needs to be considered."

On the other hand, McQuade and Friedkin (1960) observed twice the frequency of chromo-

some breakage in onion root tips after administering thymidine with 14C-labeling in the

methyl group, as with 14C-labeling in the 2 position. This seems to imply a differential

transmutation effect, since the labeling position should not influence beta-radiation-

induced effects. There is, in any case, no experimental evidence for a transmutation effect

that is many times larger than the radiation effect, although such claims have been made on

theoretical grounds (Golenetskii et al. 1976). Therefore, based on what appears a prepon-

derance of informed opinion (Krisch and Zelle 1969, and Lee and Sega 1973), this report does

not consider the possibility of 14C transmutation effects.
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APPENDIX F

REFERENCE ENVIRONMENT FOR ASSESSING ENVIRONMENTAL IMPACTS

The following reference environment was developed as an aid in assessing environmental

impacts associated with construction and operation of waste treatment, interim storage

and/or final disposition facilities. The reference environment concept is used to replace,

where appropriate, the criteria-type approach to generic environmental assessment.

The reference environment was developed primarily from data on existing plant sites in

the midwestern United States. There is, however, no intent to endorse this area or i'ype of

environment for any nuclear fuel cycle facility. Since the reference environment is to be

used in a generic or hypothetical sense, references supporting the descriptive material were

not considered necessary and are not included. The reference environment is representative

of the surface geology only and has nothing to do with the deep geology as may be appicable

to si ti ng to waste repos i tor i es i n geol ogi c medi a.

For assessment of environmental effects, it is assuned that each waste managenent

f aci 1 ity i s 1 ocated (i ndependentl y, not col 1 ocated) wi thi n the ref erence envi ronment .

Although an artificiality, analysis of impacts frcm waste managenent facilities centered at

the sane location simplifies calculations and permits direct comparison of impacts anong

facilities on the sane environmental features.

F.1 LOCATION OF SITE

Regardless of the size of the site or purpose to which it is to be put, the center of

the site is assumed to be located 8 km west of the R River, about 13 km northwest of Town A

in county A, and 50 km northwest of a major metropolitan area (City G) in a midwestern

state.
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F.2 REGIONAL DEMOGRAPHY AND LAND USE 

The reference environment is located in a region that is mainly rural; the land is used

chiefly for farming. The nearest communities are A, about 13 km southeast of the site, with

a population(a) of about 2,000; B (population 400) about 6 km northwest; C (population

about 1,000) about 8 km east; D (population 1,100) about 16 km southwest; and E (population

3,000) about 16 km south. The closest large cities are F (population 40,000) about 32 km

northwest and G (population 1,800,000) about 50 km southeast.

The population within a 1-km radius (300 km2) of the site is about 12,000. Within an

80-km radius of the site (20,000 km2) the population is about 2,000,000, of which about

93% resides in the G metropolitan area (see Table F.2.1).

In County A, and in"County B just across the R River to the northeast, about 82% of the

land is used for farming. The main crops in these two counties, which include all land

TABLE F.2.1. Projected Year 2000 Population in Reference Environment

RANGE, km 1.6 3.2 4.8 6.4 8.0 16 32 48 64 80 TOTALS

N 0 4 4 18 160 210 1,115 3,641 2,137 1,209 8,498

NNE 0 4 4 14 26 157 986 3,350 4,185 1,872 10,598

NE 0 6 18 72 109 232 1,306 4,897 2,848 6,371 15,859

ENE 0 4 12 72 145 333 2,025 2,677 8,743 6,209 20,220

E 0 4 12 145 537 993 1,321 9,094 6,344 14,195 32,645

ESE 0 4 20 353 118 610 3,400 50,482 123,104 163,155 341,246

SE 0 25 245 1,069 194 632 5,063 46,789 581,389 579,114 1,214,520

SSE 0 4 18 45 157 374 3,466 18,642 59,435 32,445 114,586

S 0 4 41 67 112 1,097 5,438 5,844 10,131 7,334 30,068

SSW 0 15 26 67 126 571 3,177 4,809 6,411 7,317 22,523

SW 0 30 65 58 50 423 1,835 4,656 6,106 6,856 20,079

WSW 0 6 55 93 65 414 3,007 1,901 7,515 4,442 17,498

W 0 9 31 78 73 379 1,730 3,600 3,326 4,805 14,031

WNW 4 8 8 44 29 332 1,662 6,495 6,493 5,984 21,059

NW 0 6 9 21 44 293 5,277 47,196 4,061 4,501 61,408

NNW 0 8 15 55 181 165 1,204 2,753 2,480 4,533 11,394

TOTALS 8 141 583 2,271 2,126 7,215 42,012 216,826 834,708 850,342 1,956,232

CUM TOTAL

(rounded)

8 150 730 3,000 5,100 12,000 54,000 270,000 1,100,000 2,000,000 2,000,000

(a) Populations are assumed to be those for the year 2000.
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within 16 km of the site, are soybeans, corn, oats, and hay. It is expected that these two

counties will remain largely agricultural and that the population distribution will not

change significantly with time.

A wildlife refuge is located about 14 km northeast to 19 km north of the site. A state

park is located about 10 km west-southwest of the site, and a state forest and campground

are about 14 km northeast of the site.
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F.3 GEOLOGY 

The area in which the reference sites are situated is assumed to occupy a terrace at

an elevation of 300 m above sea level (MSL). Several flat alluvial terraces comprise the

main topographic features in the vicinity. Many of these terraces are lower than that at

the site and lie at an average elevation of 280 m above sea level and, in general, slope

away from the river at grades of 2 or 3%. The topography in the area of the site is essent-

ially typical of that in the region.

The rocks that underlie this region are classified as pre-Cambrian and are very old.

Glaciation probably less than 1,000,000 years in age, as well as recent alluvial deposition,

has mantled the older basement rocks with a variety of unconsolidated materials in the form

of glacial moraines, glacial outwash plains, glacial till and river bed sediments. This

cover of young soils rests upon a surface of glacially carved deeper rock consisting sequen-

tially in depth of sandstone, shale and granitic rocks. The upper surface of underlying

rock can support unit foundation loads up to 73,000 kg/m2. The bedrock surface is

irregular and slopes generally to the east or southeast.

The nearest known or inferred fault is 37 km southeast of the site. There is no indi-

cation that faulting has affected the area of the site in the last few million years.

Within the last 100 years, only two earthquakes were recorded as having occurred within

160 km of the site. The first occurred in 1917 and had an intensity of VI on the modified

Mercalli scale. The epicenter was located about 100 km northwest of the site. The second

occurred in 1950; it had an estimated intensity of V to VI and the epicenter was located

about 130 km north-northwest of the site. For construction of facilities in this area the

design basis earthquake relates to a horizontal acceleration of 0.1 g.
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F.4 HYDROLOGY 

Large supplies of ground water are available from the R River outwash plain alluvium,

glacial moraine, and from underlying sandstones in the area. The general course of deep

ground-water flow is to the southeast. The regional gradient broadly parallels the trend

of the topography and the surface drainage. The natural surface drainage of the immediate

site area is mainly to the southeast, toward the river.

The R River tributaries close to the site area are S Creek, 8 km northwest, and

T Creek, 5 km southwest. The B River flows parallel to and east of the R River, joining the

R 24 km downstream from the site area.

The ground-water levels near the site are relatively flat and slope toward the river

during normal river stages. During periods of high river flow, there may be some reversal

of ground-water flow near the river. These reversals would be of short duration and infil

tration of water from the river would be limited. The gradient toward the river is

re-established after the high water recedes.

River flow information based on data from the R River gaging station is as follows:

Number of years of record 40

Average annual flow, t/sec 120,000

Minimum recorded flow, Q/sec 6,200

Maximum recorded flow, t/sec 1,300,000

River flow and temperature data pertinent to the reference site are shown in

Figures F.4.1 and F.4.2, respectively.

Flow duration data for the R River calculated in the vicinity of the reference site are

shown in Figure F.4.3. Based on these data, the flow is expected to exceed 50,000 t/sec 90%

of the time and 27,000 t/sec 99% of the time.

The average river velocity at the site varies between 0.5 and 0.8 m/sec for flows below

280,000 t/sec. The river drops about 3 m from 2.4 km upstream to 2.4 km downstream of the

site. Rapids frequently occur in this stretch of the river.
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FIGURE F.4.3. River Flow Duration Data for R River
at the Reference Site

The 1-in-1000-year flood is expected to reach 281 m MSL (mean sea level), and the max-

imum flow of record (1965) is estimated to have reached 279 m MS1. Normal river stage in

the vicinity of the site is about 276 m MSL, and the site grade is 300 m MSL.

A study was conducted to determine the predicted flood discharge flow and water level

at the site resulting from the "maximum probable flood" as defined by the U.S. Army Corps

of Engineers. The "maximum probable flood" was estimated as 10 million t/sec with a cor-

responding peak stage of elevation 286 m MSL at the reference site. The peak level at the

site would be reached in about 12 days from the onset of the worst combination of conditions

resulting in the "maximum probable flood."

The R River water's chemical characteristics are given in Table F.4.1.

The nearest domestic water supply reservoir is the G Water Works Reservoir. This res-

ervoir is located in northern G and is fed by the R River from an intake about 64 km down-

stream from the reference site area. (This water supply serves about 1.8 million people)

The ground-water table under normal conditions is higher than the river; thus ground

water and runoff drain to the river. There are numerous shallow wells supplying residences

and farms along the river terrace. The closest public water supply well is the A city well,

which obtains water 72 m below ground level.
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TABLE F.4.1 R River Water Chemistry Summary of 12 Monthly Samples

Minimum Maximum Average Std. Dev. No.

Solids-mg/t

Total

Dissolved

143

125

216

208

185

178

23.2

27.8

12

12

Suspended 1.2 18.4 7.5 6.2 12

Hardness-mg/k

(As CaCO3)

Total 98 174 147 24.8 12

Calcium 70 120 99 15.6 12

Magensium 28 58 48 9.9 12

Alkalinity-mg/k

(As CaCO3)

Total 91 165 140 24.3 12

Phenolphthalein 0 12 1.8 4.1 12

Gases-mg/k

Free carbon dioxide

Ammonia-nitrogen (N) 0.0 0.09 0.02 0.03 12

Anions-mg/k

Carbonate (CO3) 0.0 14.4 2.10 4.96 12

Bicarbonate (HCO3) 111 201 166 29.1 12

Hydroxide (OH)

Chloride (C1) 0.30 5.00 1.43 1.48 12

Nitrate-nitrogen (N) 0.07 0.55 0.26 0.15 12

Sulfate (SO4) 6.3 13.5 9.5 2.2 12

Phosphorus-soluble (P) 0.012 0.057 0.030 0.012 12

Silica (Si02) 3.2 12.5 7.7 3.3 12

Cations-mg/t

Calcium (Ca) 28.0 48.1 39.7 6.28 12

Magneisum (Mg) 6.8 14.1 11.6 2.4 12

Sodium (Na) 2.8 6.4 5.0 1.1 12

Total iron (Fe) 0.04 0.52 0.23 0.13 12

Total manganese (Mn)

Potassium (K)

Miscellaneous

Color (APHA units) 20 80 39 22 12

Turbidity (JTU) 1.00 4.50 2.53 1.48 12

Ryznar index (AT 77°F) 6.64 7.86 7.21 0.377 12

Conductivity (mmho) 192 350 292 49.8 12

pH 7.40 8.60 8.15 0.308 12

BOD (mg/k) 0.9 2.5 1.4 0.58 12

Dissolved oxygen (mg/k) 8.0 15.0 10.6 2.1 11

Temp. (DEG. C) 0.0 23.0 9.69 9.03 12
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F.5 METEOROLOGY 

The general climatic regime of the site is that of a marked continental type character-

ized by wide variations in temperature, scanty winter precipitation, normally ample summer

rainfall, and a general tendency to extremes in all climatic features. Temperature data,

obtained by adjusting 54-year climatological summaries for G and B, indicate that January

is the coldest month, with average daily maximum, mean and minimum temperatures of -6, -11

and -16°C, respectively. July is the warmest month, with corresponding temperatures of 28,

22, and 16°C. Table F.5.1 shows monthly statistics.

The number of days with maximum temperatures of 32°C and above is estimated to be 12.

The numbers of days with a minimum temperature of 0°C or below and -18°C or below are esti-

mated to be 168 and 40, respectively. The January relative humidities at 7:00 a.m.,

1:00 p.m., and 7:00 p.m., EST, are estimated to be 76, 68, 70%, respectively. The corre-

sponding humidities for July are 86, 55, and 55%. Monthly average humidities are shown in

Table F.5.2.

The annual average rainfall is about 76 cm. The maximum 24-hr total rainfall for the

period 1894-1965 for B was 13 cm and occurred in May. Thunderstorms have an annual fre-

quency of 36 and are the chief source of rain from May through September. Snowfall in the

area has an annual average of 110 cm, with occurrences recorded in all months except June,

July and August. The extremes in annual snowfall of record are a 15-cm minimum and a 220-cm

maximum.

Annually, the winds are predominantly from the northwest or from the south through

southeast. This bimodal distribution is characteristic of the seasonal wind distributions

as well. The average windspeed for spring is 11 km/hr and for the other seasons about

16 km/hr. The maximum reported windspeed of 160 km/hr, reported in July 1951, was asso-

ciated with a tornado. Tornadoes and other severe storms occur occasionally. Eight tor-

nadoes were reported in the period 1916 to 1967 in county A. The theoretical expected

frequency of a tornado striking a given point in this area is 5 x 10-4 per year. For

design purposes a maximum windspeed of 580 km/hr is assumed to be associated with tornadoes.

TABLE F.5.1. Monthly Temperature Statistics (°C)

Jan Feb March Apr May June July Aug Sept Oct Nov Dec

Maximum -6.1 -4.4 3.3 12.8 20.0 25.0 28.3 26.7 22.2 15.0 4.4 -3.3

Minimum -16.1 -14.4 -6.7 1.7 7.8 13.3 16.1 15.0 10.0 3.9 -4.4 -12.2

Mean -11.1 -9.4 -1.7 7.2 13.9 18.9 22.2 21.1 16.1 9.4 0.0 -7.8

Extreme Max 15.0 16.1 27.8 32.8 40.6 39.4 41.7 40.0 40.6 32.2 23.9 17.2

Extreme Min -38.9 -36.7 -34.4 -15.6 -5.7 6.0 5.6 3.3 -5.6 -13.3 -27.8 -33.9

TABLE F.5.2. Mean Monthly Relative Humidity percent

Jan Feb Mar Apr May June July Aug Sept Oct Nov Dec

74 75 73 66 62 66 68 70 70 66 73 78
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It is estimated that natural fog restricting visibility to 0.4 km or less occurs about

30 hr/year. Icing due to freezing rain can occur between October and April, with an average

of one to two storms per year. The mean duration of icing on utility lines is 36 hr.

Diffusion climatology comparisons with other locations indicate that the site is typical

of the region, with relatively favorable atmospheric dilution conditions prevailing.(a)

Frequency of thermal inversion is expected to be about 32% of the year, and the frequency of

thermal stabilities is 19% slightly stable, 27% stable, 20% neutral, and 34% unstable. The

joint distribution of windspeed, direction, and stability is given in Table F.5.3.

TABLE F.5.3 Annual Average Joint Frequency Distribution, Percent of Occurrence

00 
0798TUTY

SPEE0(M/S) TYPE NNE NE ENE E ESE sE
A1ND
SSE

01PECTION
S SSw sw ,;Sw o wNw NW NNo

1.10 A .02 0.00 01 0.00 .01 .01 0.00 .02 .oz 0.00 0.00 .01 .02 0.00 0.00

2.50 A .10 .11 .17 .12 .07 .15 .11 .15 05 .21 .31 .35 .32 .17 .19

4.30 A .27 .31 .21 .22 .22 .30 .47 .58 .40 .58 012 .41 .62 .77 .62
6.50 A .06 .07 .01 .06 .25 .72 .73 1,36 .62 .16 .15 .09 .51 .641 .59

9.10 A 0.00 0050 0.00 0.00 0.00 ,n2 .32 .31 .07 0,00 .00 .04 .10 .17 .14

12.20 4 n.00 0.00 0.00 0.0u 0.04 0,00 .42 .04 0.00 0.00 0.00 0.00 0.00 0,00 0,00

1.10 6 .02 .02 .02 .04 .02 ,O2 .02 .06 .01 .00 010 .01 0,00 ;01 0.00

2.50 R •cl •no .16
.05

•14 •44 •46 .1s •11 •14 
.12 .10

00 '14 '14
4,30 B .19 .14 .05 .14 .05 .09 .1a .23 .21 .19 .07 .23 .1b .22 .22
6.50 8 .01 .01 .02 .01 .07 .07 .05 .07 .02 0,00 0.00 .06 ,21 .21 .17

4.10 8 0.00 0,00 0.00 0.00 .01 0.00 .01 .02 .01 0.00 0.00 .01 0.00 .11 ,01
12.20 8 9010 0.00 0.00 0.00 0.00 o.00 0.00 0.00 0.00 0,00 0.00 0.00 0,00 0,00 0,00

1.10 C .07 ,n1 .04 0.00 0.00 .01 .01 .01 .01 0,00 .05 .01 .02 0,00 0,00
2.50 C .05 .10 .0a .06 .07 .07 .06 .06 .12 .06 .09 .10 .07 .09 .09

4.30 C .11 .n4 .07 .04 .07 ,05 ,17 .12 05 .04 ,02 .16 .17 .22 .14

6.50 C .02 .ni 014 .01 .04 .05 .04 .07 .01 .01 .02 0,00 .17 ,15 .07
9,10 C .05 0,00 0.00 0.40 0.00 0,00 0,00 ,02 0.00 0,00 .01 .02 .02 .07 0,00
12,20 C .01 0.40 0010 0.00 0.00 0.00 0.00 0.00 0.00 0,00 0,00 0.00 0.00 0.00 0.00

1.10 0 .19 .16 .2? .06 .07 ,09 .07 .10 .10 .14 .14 .11 .07 .10 .09
2.50 D .54 .61 015 .52 .47 .46 .47 .53 .32 .41 .67 .97 .99 .90
4,30 D .73 .64 .62 1.03 .94 1,17 .90 .0b .49

,32
36 .36 .72 1.30 1.65 1,30

6.50 D .?1 .77 .14 .46 .41 .61 .37 ,35 .20 :2? .10 06 1.24 100 ,78
9.10 0 ,10 .44 0.00 4.04 .01 ,04 .07 ,05 .0? 01 .01 .16 .1l7 .21 .10
12.20 0 ,02 0,o0 0.00 0.10 0.00 0,00 000 .02 0.00 0.00 0,00 0.00 0.00 .01 0,00

1.10 E .04 .0? .11 .15 .47 .20 ,09 .14 .11 .10 .10 .12 •,os ,17 ,ne
2.50 E .51 .35 .25 .41 .57 .72 .33 ,30 .21 ,42 .5? .65 ,a9 .75 018
4,30' E .27 on .0. .39 .26 .91 .64 1.16 .57 .49 .10 .67 .64 .78 .35
6.50 E .91 0.00 0.00 .11 .01 .15 .10 .56 00 .10 .06 .05 .22 .09 .02
9,10 E 9.00 00'10 O,nO 0.00 0,00 0,00 0.00 .16 0.10 0,00 0,00 0.00 0.00 0.00 0.00

12.20 E o„00 0,00 0,00 0.00 0.00 0010 0.00 .01 0,00 0,00 0,00 0.00 0,00 0,00 0,00

1.10 F .07 .11 .11 .10 .12 ,Ob .12 .19 .10 .15 .15 .21 .09 .10 .20
2,5n F .la .72 05 .42 .40 .46 .5n .65 .32 .35 ,35 .63 .37 .67 .16
4.30 F 0.00 .01 0.40 .112 .05 .20 .10 .4e .27 04 ,OS .10 .04 .17 .14

6.50 F 0.00 0.00 0.003 0010 0.00 0.00 .04 ,01 ,os 0,00 0.00 ,01 0.00 0,00 0,00

;.ln F 1.n0 0.00 0.00 0.00 0.00 0.0o 0.00 0,00 o.no 0„00 0.00 o.no n.00 o.00 o,00
12,20 F- 0.00 0.00 0.00 (1.00 0,00 0,00 0.00 0,00 0,00 0,00 0,00 0,00 0.00 000 000

1.3o 0 .0. .06 02 .20 .11 04 .32 .31 07 :31 .46 ,33 ,22 .20 .12
2.5n G .D5 .0; .07 .1a .17 .12 .05 .74 .21 ',23 .?11 .28 .15 .35 ,36
4.30 G .0! .01 0.00 .11 .01 .0' .vi ,ie .02 0,00 .02 .01 0.00 .12 .04

6.50 G o.00 0,00 0.00 0.00 0.00 0,00 6.00 0,00 0,00 0,00 o.'o nolo 0,00 000 0,00
400 G n.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0,00 0.00 0.00 0.00 0.00 0.00
12.20 G 0.00 0.00 0,00 0.00 0.00 0.00 0.00 0,00 000 0,00 0,00 0.00 0,00 000 0,00

summARY 004, FOR STABILITY -740E • . a C 0 E F G

TOTAL PEPCFNT PGA ST9871.1TY 1S 17.85 5.90 4.00 34.37 19.46 10.40 7,90

(a) An investigation of the variations in atmospheric dispersion among a number of sites
around the nation was made to determine differences to be expected in radiation dose
calculations based on atmospheric dispersion because of different synoptic conditions for
different locations. For five of the eight sites studied it was determined that the max-
imum atmospheric dispersion coefficient at 1100 m and at 72 km from the point of release
was not greater by more than a factor of two over that of the reference site. It was no
greater than a factor of six for any of the other three sites studied.
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F.6 PATHWAY PARAMETERS RELEVANT TO RADIOLOGICAL DOSE CALCULATIONS 

Radiation exposure of man via airborne pathways may include that from radiation emitted

from overhead plumes and ground-level clouds; direct radiation from radionuclides deposited

on the ground; inhalation of radionuclides released to the atmosphere; and consumption of

foods produced from vegetation upon which radionuclides have been deposited or which have

been grown in soils on which deposition has accumulated. Such foods may include vegetables

from local gardens; milk from cows foraging on pasture grass; or meat from animals raised

on pasture and feed grown in the vicinity of the plant. These pathways are illustrated in

Figure F.6.1.
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Also, as illustrated in Figure F.6.1, radiation exposure of man via surface water path-

ways may include that from ingesting radionuclides with drinking water, consumption of

aquatic foods, and direct radiation from surface waters received through shoreline activ-

ities or swimming or boating.

For the milk and home garden pathways, the nearest dwelling is assumed to be a farm-

house adjacent to the site boundary southeast of the main plant where the maximum ground-

level atmospheric dispersion factor (R/W) is about 3 x 10-7 sec/m3 for ground-level

releases and 1.5 x 10-8 sec/m3 for tall stack releases. A milk cow is assumed to be

kept at this farm and maintained on fresh pasture 7 months of the year. It is assumed that

a garden is kept for vegetables; however, there are no large truck gardens in the area.

For the farm-crop-irrigation pathway, it is assumed that about 82% of land in the

vicinity of the site is farmed. Production is essentially 60% soybeans (0.7 kg wet

weight/m2) 30% corn, oats and other grain (0.35 kg wet weight/m2) and 10% hay (1.5 kg

wet weight/m2). For dose calculation purposes, it is assumed that 10% of the ierage flow

rate (ti12,000 t/sec) of the R River in the vicinity of the plant site is drawn from the

river during June, July and August for irrigation of 250 km2.

For the recreational and aquatic food pathways, it is assumed that in the vicinity of

the plant a "maximum-exposed individual"(a) may spend 100 hr/yr swimming or boating and

may spend 500 hr/yr obtaining 10 kg of fish and 10 kg of fresh water mollusca. Aquatic

foods are assumed to be consumed within 24 hours of the time they are harvested.

For pathways to the population, it is assumed that 85% of the 2 million residents

within 80 km of the site obtain their drinking water from the R River. Travel time to the

consumer from a point on the river nearest the site is taken to be 48 hours. It is assumed

that on the average each person will spend 5 hr/yr swimming and 10 hr/yr boating or fishing

downstream from the site. The average per capita fish consumption for this area has been

estimated to be 1.1 kg/yr. It is assumed that 10% of this consumption is from fish obtained

downstream from the site.

(a) A "maximum-exposed individual" is an individual whose habits tend to maximize his or her
dose.
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APPENDIX G

REFERENCE SITES FOR ASSESSING SOCIAL AND ECONOMIC IMPACTS

A generic assessment of socioeconomic impacts incorporates the assumption that various

sites may be under consideration for development of nuclear waste managenent facilities.

Since the potenti al si tes may differ cons i der abl y i n thei r di sti ngui shi ng char acteri sti cs

(e.g., population size, composition, and distribution; industrial calposition of the labor

force; and availability of social services) it is necessary to examine the potential effects

of energy facilities on several alternative sites. For example, it is reasonable to assurne

that a highly urbanized community offering a wide range of services to residents will expe-

rience fewer negative effects frcm the construction and operation of a project than will a

sparsely popul ated rural communi ty. In the 1 atter , even a rel ati vel y smal l project coul d

produce di srupti ve effects .

In addi ti on to cons i deri ng al ternati ve reference si tes , it is al so necessary to assess

the effects of several types of nuclear waste management facilities. These facilities dif-

fer substantially in terms of the length of time and the nunber of workers needed for con-

struction, the nunber of workers required for planned operation, the potential hazards

created through storage and transportation of noxious materials, and the amount of land

occupied. Thus, it is reasonable to expect that the variety and degree of socioeconomic

impacts will differ according to the facility in question.

Each of the three reference sites utilized in the assessment of social and economic

impacts is based on realistic conditions chosen on the basis of criteria listed below. They

should not be construed to represent an endorsement of any specific site for facility loca-

tion. Since the reference sites are to be used in a generic or hypothetical sense, source

references supporting the descriptive material are presented in terms of their broad, gen-

eral areas rather than in specific terms (see Table G.2.1). One of the three reference

sites coincides with the reference environnent described to in Appendix F.

G.1 CRITERIA FOR REFERENCE SITE SELECTION 

To permit an assessment of a wide range of variation in impacts, three reference sites

were selected for analysis from a larger nunber of possible locations for nuclear waste

facilities on the basis a two criteria:

• population size. The three sites vary markedly in terms of the total nunber of

inhabitants ,at the site and in the surrounding region.

• popul ati on di stri buti on. The three si tes exhi bi t vari ati ons i n popul ati on densi ty

and degree of urbanization.
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G.2 CHARACTERISTICS OF REFERENCE SITES 

To emphasize that the reference sites are hypothetical, they are simply labeled Mid-

west, Southeast, and Southwest. Each reference site consists of a single county. The

region within which the county is located is defined as the aggregation of all counties

falling substantially within a 50-mile radius of the facility. If more than half of a

county is included within that 50-mile radius, it is included in the region.

Regional populations are important for assessing site impacts because a sizable portion

of the site labor force may commute to work from regional localities. Fifty miles repre-

sents the maximum commuting distance that most workers are willing to undertake. Further-

more, population redistribution within the region may result in project-related impacts.

Table G.2.1(a) summarizes data for the site counties and surrounding regions. Two

types of comparisons can aid in the interpretation of these data. First, there are marked

differences among the sites, whether based on county or regional comparisons. Second, there

are important differences between the county and the region for each site. From the popula-

ticm data it is evident that the Southeast and Midwest regions are highly urbanized when

compared with the Southwest region. Differences among the three counties are even greater.

While the Midwest site falls within the most urbanized region, the county containing that

site has the smallest urban component. In fact, each site county is less urbanized than its

corresponding region, reflecting the likelihood that waste repositories will be situated

away from urban centers and densely settled areas. The density figures also support this

observation.

The sites vary dramatically in terms of population change over the 1965 to 1970 period,

with the Southwest site showing a marked decline, the Midwest site a comparable increase,

and the Southeast site remaining relatively stable. From 1970 to 1975 all sites gained pop-

ulation, and the differences among the rates of change are smaller than in the preceding

5-year period. These changes over the decade can be attributed to two components: natural

change and net migration. Natural change is the difference between births and deaths. Net

migration is the difference between the number of persons moving into an area and the number

moving out. Each site has experienced an excess of births over deaths, thus serving to mod-

erate the population loss due to emigration from the Southwest and Southeast sites over this

period while increasing the growth experienced by the Midwest site. Population change has

important consequences in the capacity of a site to absorb impacts. Counties that are expe-

riencing rapid population growth may be more likely to plan to accommodate further demand

on local services than counties that are not growing. On the other hand, counties that are

losing population may have under-utilized service sectors, which would then be available to

serve the needs of project-related immigrants.

While the Southeast county has a high urban component compared with the Midwest county,

the Southeast county is only one-fifth as densely populated as the Midwest county. In the

(a) The population data used here are based on realistic locations covering the period 1970
to 1975. Analyses of future impacts are based on projections of these data to the year
1980 and beyond.
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Table G.2.1 Selected Data characteristics of Three Reference Sites,
Socioeconomic Impact Analysis (a)

Characteristic
Southwest Site Midwest Site Southeast Site
County Region County Region County Region

Population

Estimated total population 1975 42,000 142,000 47,000 2,154,000 17,000 487,000

% Change 1965-1970 -8.5 -8.6 15.0 11.1 -1.4 4.2

% Change 1970-1975 3.2 5.8 24.9 3.8 11.9 2.6

Unemployed construction labor
force, 1980 390 -- 10,660 2,420

Net migration rate X965-1970 -14.9 -14.6 7.4 3.0 -6.6 -2.4

Net migration rate 1970-1975 -0.9 0.5 18.4 -0.7 6.1 -2.2

% Urban 1970 76.9 78.9 8.4 85.1 40.9 50.1

Density 1970 (persons per sq. mi.) 9.9 9.2 57.8 246.8 31.1 60.1

% Nonwhite 1970 2.9 5.0 0.3 2.4 41.3 38.3

% Families with children under 18,
1970 56.8 59.3 59.4 59.7 57.6 57.6

Median age 1970 27.2 26.3 25.6 25.6 24.9 24.5

Employment

Nonworker to worker ratio 1.7 1.7 1.6 1.3 1.4 1.5

% Employed in farming 5.7 5.8 13.6 2.2 8.5 4.9

% Employed in construction 7.7 5.6 6.0 3.7 5.2 5.8

% Unemployed 5.1 5.1 4.5 3.3 4.6 4.3

% Below poverty level 17.8 16.6 10.8 5.5 24.6 22.3

Median family income 7,870 7,965 8,936 11,242 6,997 7,166

Education

Median years school completed 11.9 12.0 12.2 12.3 9.8 10.6

% High school graduates 49.3 51.3 56.0 64.5 29.8 37.0

Housing

% Housing units renter occupied 25.9 25.7 15.8 31.5 33.4 33.2

% Units vacant 16.1 18.2 6.4 3.4 9.4 8.3

Trailers as % of housing units 2.5 3.3 6.5 1.8 7.2 5.8

% Units lacking plumbing 5.0 3.6 8.7 4.0 29.3 19.7

% Units built 1939 or earlier 19.2 17.6 53.3 41.1 36.8 30.6

% Units with 1+ persons per room 11.7 11.6 9.5 6.9 15.1 13.1

% Units using public sewer service 77.8 82.1 39.3 82.7 45.8 46.3

(a) These data were developed from standard sources, but since sites are generic, no
identifying information is given.
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Southwest region most people live in towns just large enough to qualify as urban by the U.S.

Census Bureau (2500 or more). The nearest metropolitan center (population 50,000/year or

more) is over 100 miles from any part of the Southwest region. The Midwest region, however,

contains a very large metropolitan center, though the site itself is primarily rural.

Looking briefly at the data related to employment, it is apparent that the Midwest site

residents enjoy the highest standard of living. This is true for both the county and the

region and is reflected by relatively high family income, low percent unemployed, and low

percent below the poverty level, defined for 1975 by the U.S. Census Bureau as $5500 for a

nonfarm family of four. In contrast, almost one-quarter of the Southeast site residents are

below the poverty level, and the median income for the Southeast region is less than two-

thirds that for the Midwest region. Similar regional differences are reflected in the data

presented on education. The Southeast site residents are substantially less educated than

residents from the other two sites, a condition to be expected from the more rural character

of the Southeast site.

Housing variables are critical because they reflect the ability of a community to ade-

quately accommodate a substantial population influx. Vacancy rates coupled with the condi-

tion of housing determine the ease with which the incoming labor force can find adequate,

affordable living space. In this regard, the Southwest site is apparently best situated to

accommodate a population influx. It has a higher vacancy rate and substantially newer hous-

ing units in better condition when compared with the other two sites. In addition, a very

high proportion of the Southwest site's housing facilities are connected to a public sewer

service.

The three reference sites selected are each distinct in terms of demographic, economic,

and social service characteristics. The relative size and significance of socioeconomic

impacts that might accrue from the construction and operation of waste management facilities

will be conditioned in large part by these characteristics of the reference site.
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APPENDIX H

HAZARD INDICES 

The total quantity of radioactive material to be isolated can be compared to the iso-

tope quantities that naturally occur in the earth's crust (Winegardner and Jansen 1974,

Smith 1975). This comparison can be used to indicate the relative hazard that may result

from the burial of radioactive waste (i.e., geologic isolation). Early efforts to develop

safety perspectives on geologic isolation led to the development of hazard indices. These

indices attempted to combine those parameters that characterize waste isolation into an

index on public health and safety. The indices use one or more of the following parameters:

quantity of radioactive material, specific activity, decay properties, chemical and physical

form, packaging, toxicity, time behavior, and pathways.

Some hazard indices that have been developed are listed and defined in Table H.0.1.

Studies in which they have been used include: the comparison of the toxic content of high-

level waste to the toxic content of the uranium ore and tailings from which it came (Cohen

1976, 1977); the comparison of the toxic level of Pu sent to high-level waste against the

toxic level of lead sent to waste (Cohen 1975); The Reactor Safety Study (NRC 1975) (risk

of nuclear plant accidents compared to risk of natural disasters); risk of plutonium ship-

ments (Hall et al. 1977); risk of natural and man-caused radioactivity (Turnage 1976); the

relevance of nuclide migration at Oklo (Walton and Cowan 1975); underground testing of

nuclear devices (Teller et al. 1968); direct impact of disruptive events (Starr 1970); and

risk comparisons to alternative energy resources (Grahn 1976, pp. 371-387; Straker and Grady

1977; Cottrell 1976; Blot et al 1.977; Starr et al. 1972; Petrikova 1970; McBride et al.

1977).

The various hazard indices attempt to incorporate additional considerations (such as

the concentration of the waste material and the pathways for the nuclear material to enter

the biosphere) into the comparison between nuclear waste and naturally occuring radioactive

materials. As can be seen in Table H.0.1, the total quantity of radioactive material (Q),

the maximum permissible concentration (MPC), and the maximum permissible intake (MPI) give

measures of the toxicity of the waste material. A better index of the toxicity of the mate-

rial is the hazard measure (HM) (Walton and Cowan 1975), which is the quantity of water

required to dilute the material to its acceptable maximum permissible (non-toxic) concentra-

tion. Thus, the HM is a number that is proportional to the toxicity of the waste material.

The "first modified hazard measure" (HM1) (Walsh et al. 1977) compares the anticipated expo-

sure (or dose) to an allowable limit. It was introduced to evaluate the effect of environ-

mental pathways on hazards from a variety of environmental pollutants including nuclear

wastes. The second modified hazard measure (HM2) (McGrath 1974) is a measure of the poten-
,

tial hazard of radioisotope releases in air and water. It is a number proportional to such

hazard. The third modified hazard measure (HM3) (Petrikova 1970) is a quantity to assess

the radioactive risk to future generations from future releases of radioisotopes. It is the



Hazard Index

Quantity of Radioactive
Material (Q)

Maximum Permissible
Concentration (MPC)

Maximum Permissible
Intake (MPI)

Hazard Measure (HM)

Modified Hazard
Measure (HM1)
(Walsh et al. 1977)

Modified Hazard
Measure (HM2)
(McGrath 1974)

H.2

TABLE H.1. Hazard Indices
(a)

Definition and Inputs

Waste Inventory (or waste
released)

10 CFR 20

MPIair = (7300 m3/yr) (MPCair)

MPlwater = (0.8 m3/yr ) (MPCwater)

HM = Q/MPC

HM1 = D/D2
D = exposure
D2 = exposure limit

HM2 = Q(a/MPIH 0 + b/MPIair)
2

a,b = fractions of Q
released to water
and air

Modified Hazard HM3 =
Measure (HM3)
(Smith and Kastenberg 1976)

Potential Hazard
Measure (PHM)
(Gera and Jacobs 1972)

Hazard Index (HI)
(Claiborne 1975,
Haug 1977)

Hazards Available
Index (HA)
(Bruns 1976)

Isolation Time (T)
(voss and Post 1976)

Relative Toxicity
Index (RTI)
(Haug 1977, Hamstra 1975,
Haug 1976, Cohen and
Tonnessen 1977,
Roching 1977)

ft + d

t
(Q(t')/MPI)dt'

PHM = P 1

P = probability of
reaching man

decay constant

HI =
PC(V)

V = entrained volume

HA = log10HI + log10TF

TF = transport factors

T -

Vf =

D =

A =

L =

RTI -

MPC V
f 

D1 lnA A L 

groundwater volume
flow rate

dilution factor

waste leach area

leach rate

(Q/MPC) waste 

(Q/MPC) Uore

(a) A compilation from published studies.
(b) As defined by originator.

Interpretation (for fki
Nuclear Waste Isolation)" 

Comparison of waste inventories
to natural radionuclides (or for
use below) (Winegardner and
Jansen 1974).

Relative hazards of radioactive
species (or for use below).

Same as MPC.

Volume of air or water to
dilute Q radionuclides to one
MPC. (Winegardner and
Jansen 1974, Smith 1975)

Ratio of anticipated exposure
to allowable limit.

HM2 = Q(a/MPIH20 + b/MPIair)

Number of MPI in the environ-
ment versus time.

Risk of releasing Q versus
time.

Number of MPCs per unit
volume.

HI with pathway transport
efficiency included.

Time which nuclides must be
held to reduce concentration
to one MPC.

Ratio of HI of the waste to HI of
the uranium ore mined to gener-
ate the waste. This has been
generalized to compare with
substances other than uranium.
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number of MPI in the environment versus time. The potential hazard measure (PHM) (Gera and

Jacobs 1972) is an index that is proportional to the quantity of radionuclides buried as a

function of time and modified by the probability that this material will reach man. The

hazard index (HI) (Claiborne 1975) is a quantity that is proportional to the specific toxic-

ity of a radionuclide. It was formulated to assess the benefits of actinide removal from

high-level waste. The hazards available index (HA) (Bruns 1976) is a modification of the

hazards index that includes a pathways transport efficiency. It has been used to compare

the hazard from Purex waste to the hazard from fallout. The isolation time (T) (Voss and

Post 1976) is the time radionuclides must be held to limit their concentration in ground

water to one MPC. It was introduced to characterize the effectiveness of geologic isolation

in restraining the transport of radionuclides via the groundwater transport path. The rela-

tive toxicity index, RTI (Haug 1977, Hamstra 1975, Haug 1976, Cohen and Tonnessen 1977,

Rochlin 1977), is the ratio of the hazard indices of nuclear waste to uranium ore. This

index has been generalized to compare to toxicity of nuclear waste to the toxicity of other

naturally occurring toxic elements.

Although each hazard index has merit for a particular set of conditions,the provision

of simple measures of hazard can confuse rather than clarify. For this reason hazard

indices are infrequently used in this Statement and dose and associated health effects are

presented instead.
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APPENDIX I

COMPARISON OF DEFENSE PROGRAM WASTE TO COMMERCIAL RADIOACTIVE WASTE 

Repositories for commercial high-level and TRU wastes may also be used for disposal of

defense program wastes.(a) This appendix provides a comparison of defense program radio-

active wastes with commercial radioactive wastes. These comparisons indicate that both the

HLW and the TRU defense-program wastes could be accommodated in repositories designed for

disposal of commercial wastes with comparable environmental impact.

I.1 HIGH-LEVEL WASTE COMPARISONS 

The waste quantities and radionuclide contents of defense program and commercial high-

level wastes (HLW) are compared in Table I.1.1. The estimated quantities of defense program

high-level waste are based on the assumption that waste forms having a 25% loading of waste

oxides are encapsulated in 0.6-m x 3-m (2-ft x 10-ft) canisters that are filled to 80% of

capacity. The commercial HLW is assumed to be contained in canisters that are 3 m (10 ft)

long with diameters up to 0.3 m (1 ft). The quantity of commercial HLW in individual can-

isters is adjusted, either by dilution or by varying canister diameter, to meet the allow-

able heat output imposed by the disposal system. The radionuclide content and heat output

of individual defense program HLW canisters is a factor of 5 to 10 or more below that of the

commercial HLW canisters. The radionuclide content in the defense program HLW canisters

relative to the commercial HLW canisters ranges from about the same magnitude for plutonium

to orders of magnitude less for some of the other nuclides.

(a) President Carter, Feb. 12, 1980.



TABLE 1.1.1. Comparison of Defense and Commercial High-Level Waste

Defense HLW(b)

Canisters
Required

Heat Outputf1
kW/Canister'"'

Radionuclide Content, Ci/Canister
(a)

90SR 137CS 238
Pu

239
PU

241
Am

244
Cm

• Savannah River 8.0 x 10
3

0.2 1.5 x 10
4

1.5 x 10
4

1.4 x 102 2.9 8.2 8.2

• Idaho Falls 1.2 x 10
4

0.09 7.3 x 10
3

7.4 x 10
3

4 x 10
1

4 x 10
-1

6.0 x 10-1 3.1 x 10
-1

• Hanford 2.6 x 10
4

0.06 5.2 x 10
3 4.8 x 103 2 x 10-2 9.2 x 10

-1
6.5 5.4 x 10

-1

Total 4.6 x 10
4

Commercial HLW
(c)

1.0 x 10
5

3.2 1.4 x 10
5

2.0 x 10
5

1.8 x 10
2

4.3 1.7 x 10
3

1.4 x 10
4

to to to to to to to to

2.8 x 10
5

1.2 5.0 x 10
4

7.1 x 10
4

6.5 x 101 1.5 6.1 x 10
2

5.1 x 10
3

(a) Nominal values, assuming uniform distribution of waste radionuclides among the canisters.

(b) Estimated data for the year 1990. Treated waste volumes (assuming a waste form having a 25% loading of waste oxides)
and radionuclide contents supplied by J. L. Crandall and W. R. Cornman of the High-Level Waste Lead Office at Savannah
River. Canister requirements based on 0.6-m-diameter x 3-m-long canisters, 80% full of treated waste. Heat outputs
based on the contained radionuclides.

(c) Data from this Statement for the reprocessing of spent fuel containing 2.4 x 105 MTHM (Case 3) and radioactivity at
6.5 years after reactor discharge. Canister requirement dictated by the heat output allowed by the disposal system.
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1.2 TRU WASTE COMPARISONS 

The defense program TRU wastes will require a variety of treatment procedures. Because

potential treatment procedures for these wastes are not yet sufficiently well defined to

develop good estimates of treated waste forms and quantities, they are compared to commer-

cial TRU wastes on the basis of untreated quantities and radionuclide compositions in

Table 1.2.1. The quantity of defense program TRU wastes is about the same magnitude as the

estimated commercial wastes for the Case 3 growth assumptions (see Chapter 7). The pluto-

nium content is similar to the commercial waste. In both cases, the americium and curium

content varies over a wide range.



TABLE 1.2.1. Comparison of Defense and Commercial TRU Wastes

Defense TRU Waste
On hand as of
September 30, 1979

Volume, m3 TRU Content, Ci/m3(a)

Retrievably
Stored Buried

Soil
Contaminated
by Burial Total kg kg/m3 238Pu 239Pu 241Am 244Cm

• Hanford 8.0 x 10
4

1.6 x 10
5

1.4 x 10
5

3.8 x 10
5

• INEL 3.7 x 10
4

5.6 x 10
4

0 9.3 x 10
4

8 x 10-3 5 x 10-1 3.5 x 10-1 1.4 3.4 x 10-2

• LASL 1.5 x 10
4

1.1 x 10
4

1.7 x 10
4

4.3 x 104

• ORNL 1.2 x 10
3

6.1 x 10
4

1.6 x 10
5 1.7 x 10

5

3 4 4 4 -2 2 1
• SRP 2.4 x 10 2.7 x 10 3.4 x 10 6.3 x 10 2.8 x 10 1.5 x 10 1.2 1.6 x 10-

• Other 2.4 x 103 5.7 x 103 5.0 x 103 1.3 x 104

Total 6.5 x 10
4

2.6 x 10
5

3.6 x 10
5

7.6 x 10
5

>1.1 x 10
3

>1.4 x 10-3

Estimated Annual
Generation,
1980 to 2000 6.8 x 103 0 0 6.8 x 103

Commercial TRU Waste
Estimated to Result
from RepEocessing
2.4 x 10" MTHM
(Case 3 growth
projection)

• Untreated from FRPs 7.0 x 105 0 0 7.0 x 105 1.1 x 104 1.5 x 10-2 7.9 5.5 x 10-1 4.8 x 10-1 9.0 x 10-1

• Untreated from
MOX-FFPs 6.6 x 104 0 6.6 x 104 4.5 x 103 6.8 x 10-2 1.6 x 101 1.2 1.2 x 102 0

Total 57.7 x 10 7.7 x 10
5

1.6 x 10
4

(a) Composition of defense TRU waste is based on estimate for retrievably stored waste only as of late 1977.
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Sources of Data for Table I.1.1: 

• U.S. Department of Energy. 1980. Strategy Document Long-Term High-Level Waste

Technology Program. DOE/SR-WM-79-3 (Rev. 4/80). Savannah River Operations

Office, Aiken, South Carolina.

• U.S. Department of Energy. 1979. Technology for Commercial Radioactive Waste 

Management. DOE/ET-0028. Washington, D.C.

Sources of Data for Table 1.2.1: 

• W.L. Carter et al., Spent Fuel and Waste Inventories and Projections.

ORNL/TM-7320 (3-31-80 Draft). Oak Ridge National Laboratory, Oak Ridge,

Tennessee.

• H.C. Shefelbine. 1978. Preliminary Evaluation of the Characteristics of Defense 

Transuranic Wastes. SAND 78-1850. Sandia Laboratories. Albuquerque, New Mexico.

• Interagency Review Group, 1979. Report to the President by the Interagency Review

Group on Nuclear Waste Management. TID-29442, U.S. Department of Energy,

Washington, D.C.

• U.S. Department of Energy. 1979. Technology for Commercial Radioactive Waste

Management. DOE/ET-0028. Washington, D.C.

• U.S Department of Energy. 1980. Transuranic (TRU) Waste Management Program

National Strategy Document. DOE/AL-TRU-8002 (Final Draft, March 1980).
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APPENDIX K

GEOLOGIC REPOSITORY DESIGN CONSIDERATIONS 

K.1 THERMAL CRITERIA 

A major factor in geologic isolation of radioactive waste is the heat generated by

high-level waste (HLW) or spent fuel assemblies. This heat flows from the waste, through

the emplaced canister and other protective material, into the host rock formation, through

the rock surrounding or overlying this formation, and eventually out into the atmosphere.

The heat can have definite impacts on:

• the integrity and recoverability of the waste canisters

• room and pillar stability

• integrity of the waste form over long periods of time

• the integrity of the host rock and the surrounding rock units

• any overlying aquifers and buoyancy effects on ground-water flow

• long-term uplift and subsidence of overlying rock.

To assure that the impact of the heat on these factors will not be detrimental to

waste isolation objectives, a systematic determination of the repository design thermal

loads is required that includes:

• establishment of limits for conditions affected by heat

• determination of acceptable thermal loads that will not bring about conditions

beyond the assigned limits

• development of repository design thermal loads, taking into account safety, engi-

neering and operational requirements.

Design limits for the repository can be specified in terms of temperature and thermo-

mechanical criteria. Preliminary estimates of acceptable thermal conditions are summarized

in Table K.1.1 and discussed below.

• Maximum Uplift Over Repository

Uplift over the repository centerline was chosen as a measure of the far-field struc-

tural consequences of repository thermal loading. The 1.2 to 1.5 m of maximum uplift,

neglecting subsidence, is based on the assumption that rock-mass movements caused by uplift

may be no worse than movements caused by subsidence over mines in sedimentary rocks, which

are sometimes more than twice the stated limit. Far-field effects are currently being

studied to determine whether 1.2 to 1.5 m of uplift is reasonable. This tentative limit

may change as more information is developed. In any case, this limit must be reevaluated

for each site so that the effects of rock-mass movement on the hydrological regime and long-

term safety may be assessed.
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TABLE K.1.1. Thermal and Thermomechanical Limits for Conceptual Design Studies

Event

Far-Field Considerations

Maximum uplift over repository

Temperature rise at surface

Temperature rise in aquifers

Near-Field Considerations

Room closure during ready retrieva-
bility period--salt

Room stability--granite, basalt rock
strength-to-stress ratio

Room stability--shale with continuous
support rock strength-to-stress ratio

Pillar stability--non-salt strength-
to-stress ratio

Very-Near-Field Considerations

Maximum HLW temperature
as vitrified waste

Maximum spent fuel pin temperature

Maximum canister temperature

Maximum rock temperature

Maximum fracture of non-salt rock

Limits

1.2 to 1.5 m (Russell 1977)

0.5°C (Science Applications,
Inc. 1976)

6°C (Science Applications,
Inc. 1976)

10 to 15% of original room opening
(Russell 1977)

2 within 1.5 m of openings
(Dames and Moore 1978)

1 within 1.5 m of openings
(Dames and Moore 1978)

2 across mid-height of pillar
(Dames and Moore 1978)

500°C (Jenks 1977)

300°C (Blackburn 1978)

375°C (Jenks 1977)

250°C to 350°C

15 cm annulus around canister
(Russell 1977)

• Temperature Rise at the Surface 

Temperature rise at the surface has been limited to< 0.5°C to avoid undesirable effects

on the biota. This limit must also be reevaluated for each site (Science Applications,

Inc. 1976).

• Temperature Rise in Aquifers 

Temperature rise in aquifers has been limited to < 6°C because the flow velocity could

conceivably carry the higher-temperature water outside the repository area. In addition,

temperature rise and temperature gradients can influence ground-water flow patterns and, in

the worst case, may provide a transport mechanism to return nuclides to the biosphere. This

limit is currently under study and must be reevaluated for each site, with consideration

given to flow rate, .salinity, and geochemistry, including dissolution, transport, and
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subsequent precipitation of minerals. Permissible temperature rises of 8° and 28°C for

stagnant aquifers 30 and 90 m deep, respectively, have also been proposed (Science Applica-

tions, Inc. 1976).

• Near-Field Considerations 

Rooms must be accessible at the end of the retrievability period to allow safe entry

for the removal of canisters with the same equipment used to emplace them. Calculated room

closures of less than the limit imply that the repository will generally remain structur-

ally stable throughout the retrieval period, although some local failure controlled by

local rock conditions not accounted for in the analysis may occur.

In addition to thermal loading, the closure of rooms in a salt repository will depend

on the depth of the repository; this relates directly to stress and mine-geometry parameters

such as the percent extraction of salt and pillar width-to-height ratios. Room closure cal-

culations appear to be relatively insensitive to stratigraphy provided that the salt near

the burial horizon is at least hundreds of feet thick.

• HWL Temperature for Glass, 500°C 

Typical borosilicate waste glasses have a transition temperature of about 500°C, with

a slightly higher softening temperature. Migration of heavy, separate phases in the glass

might occur above the softening temperature. Significant increases in cracking and in

leach rates have been observed in test glasses heated for a few months in the range 500°to

800°C. Additional information is available for solid waste temperatures of glass, calcine,

and sintered glass ceramic (Jenks 1977, Mendel et al. 1977).

• Spent Fuel Pin Temperature, 300°C 

A study of possible failure mechanisms during dry storage of spent fuel assemblies

sealed in carbon steel canisters recommended a maximum allowable cladding temperature of

380°C based on stress rupture considerations. Some uncertainty regarding possible stress

corrosin cracking was noted. To be safe, a 300°C maximum fuel pin temperature is specified

here.

• Canister Temperature, 375°C 

Austenitic stainless steel, probably 304L, proposed to be used in HLW canisters

undergoes changes in structure during long-term exposure in air at temperatures in the

range 400 to 900°C. The observed effect is an increased susceptibility to stress cracking

when the steel is subsequently exposed to aqueous solutions (Jenks 1977).

• Rock Temperature, 250°C to 350°C 

Behavior of salt deposits at temperatures up to 250°C are believed to be predictable.

Laboratory tests (Jacobsson 1977) indicate that unconfined rock-salt samples from several

locations begin to decrepitate (disaggregate) in the 260°to 320°C range, but samples from

other locations show no decrepitation when heated to 400°C. Decrepitation is undesirable

because it reduces thermal conductivity of the salt in the vicinity of a waste package and

could lead to undesirable higher temperatures in the container and waste. In the case of

bedded salt, decrepitation may release brine, which is also undesirable.



K.4

For the other rock media, i.e., granite, shale, and basalt, a good basis for specifying

maximum rock temperatures had not been established at the time of this analysis. It (the

criteria) will probably be quite site-specific. For shale a 250°C maximum may be reasonable

and for the hard rocks temperatures higher than 350°C may be acceptable.

It must be emphasized that the limits shown in Table K.1.1 are based on the best avail-

able data at this time. As such, they should be reevaluated as more data become available.

In addition, these limits require evaluation on a site-specific basis.

K.1.1 Calculation of Acceptable Thermal Loads 

For convenience, the thermal criteria, subsequent analyses, and results are classified

into three categories: far-field, near-field, and very-near-field. The far-field refers

to the formation at distances far removed from the repository. The near-field represents

the region within the repository horizon in the vicinity of the emplacement rooms and asso-

ciated pillars. The very-near-field refers to the waste package and the rock within a few

feet of the canister.

The heat induced into the repository and surrounding formation depends upon repository

design and the thermal loadings of the repository. These loadings include: 1) the average

waste loading of the repository (averaged over full waste emplacement area) that determines

the temperature rise of the formation in the far-field; 2) the local thermal loading (aver-

age amount of waste emplaced per unit storage area of the repository) that most directly

determines the near-field rock thermal and thermomechanical environments; and 3) individual

canister loadings that most directly influence the temperatures in the waste, the canister,

and the rock in the immediate vicinity of the waste canister, i.e., in the very-near-field.

For a given repository design, acceptable loadings can be determined once appropriate tem-

perature and thermomechanical limits have been established.

Thermal and thermomechanical analyses have been performed to determine acceptable ther-

mal loading values for spent fuel repositories and HLW repositories in salt, granite, shale,

and basalt. Thse studies use an iterative technique that integrates the waste and canister

temperature criteria, room and pillar stability analyses, and far-field thermal and rock

mass response analyses.

For isolation of HLW, the following steps were followed in the iterative analysis:

Step 1: Select thermal and thermomechanical criteria.

Step 2: Propose a conservative room and pillar design without consideration of an

imposed thermal loading.

Step 3: Make near-field heat-transfer calculations to determine the areal thermal

loading range of interest.

Step 4: Make very-near-field heat-transfer calculations to generate very-near-field

temperature profiles as a funcion of areal thermal loading and canister

loading.
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Step 5: Make near-field rock mechanics calculations to determine the areal thermal

loading that assures room and pillar stability.

Step 6: Determine maximum canister load from Step 4 data for the areal thermal load

from Step 5.

Step 7: Make far-field thermal and rock mechanics calculations to assure that far-

field design limits are not exceeded.

If any of the tentative limits in Table K.1.1 are exceeded in any of the above steps,

the previous steps are revised and repeated until the calculational results indicate that

the limits are not exceeded.

For spent fuel repository analyses, the above procedure was modified slightly. Because

it was decided to place PWR or BWR spent fuel assemblies in individual canisters, the ther-

mal load for a given canister was determined, and Step 6 above was not required. Steps 1

through 3 were followed by Steps 5 and 7. Very-near-field heat transfer calculations were

then performed to determine if canister or spent fuel temperature limits were exceeded.

This iterative procedure results in baseline thermal load design values for the canis-

ters in terms of kW per canister at waste emplacement and for the loading of a repository

room (local areal thermal load) in kW/acre. The canister load must be sufficiently low so

that the waste and canister temperatures do not exceed the values in Table K.1.1. The local

areal thermal load must be sufficiently low so that rock mechanics analyses predict room and

pillar stability throughout the readily retrievable period, and so that near-field hydraulic

conductivities are not significantly increased and long-term as well as far-field restric-

tions are not exceeded.

The design thermal limits generated by these analyses depend strongly upon character-

istics of the repository site and formation. These characteristics include media strength,

stress-to-strain ratio, heat capacity, thermal conductivity, overlying strata and their

characteristics, etc. The following simplifying assumptions were made for these analyses:

• Only high-level waste and spent-fuel canisters are considered.

• The entire repository is assumed to be loaded simultaneously and instantaneously.

• Thermal properties of geologic media and other materials are based on reasonable

estimates.

• The effects of stress upon thermal properties are not included.

• The presence of water is neglected in the thermal analysis.

• Only simplified horizontal stratigraphies are assumed.

• No compaction or subsidence of the formation is considered.

The analyses utilize cylindrical symmetry to describe the temperatures within the waste

package. Details of the waste package including overpack and other contents of the

emplacement hole are taken into account. In the case of spent-fuel canisters, details of

the assemblies, radiation and convection are explicity included in the calculation. The
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boundary conditions at the emplacement hole surface are provided in a three-dimensional

Cartesian near-field model with asymmetric spacings between canisters. The heat-generating

waste and waste canister are explicitly described as well as the properties of the rock in

the pillars and above and below the waste storage room. The storage room was not modeled

since it has little impact on canister temperatures. The storage room including radiative

and convective heat transfer effects has been included in other calculations, however. The

boundary conditions above and below the storage room and canister are provided in a far-

field model. Temperatures in this model are calculated in cylindrical symmetry and

stratigraphy of the host formation can be explicitly modeled.

The thermal load limits and the controlling factors associated with each limit gener-

ated by these analyses for 10-year-old spent fuel and HLW are presented in Table K.1.2. The

far-field average repository loading limits are based on the far-field studies and the esti-

mated maximum uplift of the formation caused by heat from the stored waste. Far-field aver-

age repository thermal loading limits apply to the thermal density of wastes averaged over

each waste type's overall emplacement area, including corridors and ventilation drifts and

excluding the areas for shafts or emplacement areas for other waste types. In linear ther-

momechanical expansion studies for salt, a surface uplift of 1.2 to 1.5 m was obtained for

average far-field loadings shown in Table K.1.2. This maximum uplift is felt to be accep-

table for a repository at 600 m over the time frame involved (Russell 1977). Similar calcu-

lations for granite and basalt for loadings of 190 kW/acre, and shale for 120 kW/acre, give

less than 0.4 m of surface uplift. Although Table K.1.2 indicates that thermal loading

limits for both the far-field and near-field for spent fuel and HLW in granite, shale, and

basalt, and for HLW in salt are equivalent, the far-field average repository loading will

always be less because of the passive regions of the repository such as corridors and waste

handling areas.

The near-field local areal loading limits are based on room and pillar stability con-

siderations. Near-field local thermal loading limits are applied to the thermal density of

wastes in an individual waste type's emplacement room area including the area of one-half

the rock pillar on each side. Areas for corridors, shafts, and other waste type emplacement

areas, are excluded. Linear thermomechanical analyses based upon the predicted near-field

temperature distributions indicate that readily retrievable operations could continue in

the storage rooms for at least 5 years with the loadings in Table K.1.2 (Dames and Moore

1978)

Although salt can accept 150 kW/acre based on room and pillar stability considerations,

this density cannot be achieved in the case of spent fuel because of the more limiting far-

field criteria. Reduced loadings are necessary here because of the long-term heat contribu-

tions from the plutonium as shown in Table K.1.3. The additional long-term heat contribu-

tion of the plutonium does not affect room stability but does increase surface uplift. In

order to meet the far-field limit of 60 kW/acre, the maximum near-field density that can be

achieved is 75 kW/acre for spent fuel. A11 other wastes may be emplaced at the 150 kW/acre

near-field and far-field criteria for nonplutonium wastes in salt.



K.7

TABLE K.1.2. Thermal Load Limits for Conceptual Repository Designs

Canister Limits During Retrieval Period (kW)(b)

Thermal Load Limit (controllinq factor)(4).

Salt Granite Shale Basalt

Vitrified glass HLW 3.2(A) 1.7(A) 1.2(A) 1.3(A)

Calcined HLW 2.6(A) 1.6(A) 1.1(A) 1.1(A)

Near Field Local Areal Thermal Loading Limits(c)
(kW/acre)

5-yr retrieval--HLW 150(B) 190(B) 120(B) 190(B)

5-yr retrieval--spent fuel (e) 190(8)(f) 190(8)(f) 190(B)

Far-Field Average Repository Thermal Loading(d)
Limits (kW/acre)

HLW 150(C) 190(B) 120(B) 190(B)

Spent fuel 60(C) 190(B) 120(B) 190(B)

(a) Controlling factors: A = Canister temperature limit
B = Room closure
C = Earth surface uplift.

(b) Analysis assumes 15-cm annulus of crushed rock around waste package.
(c) Acreage includes rooms and adjacent pillars, but not corridors, buttress pillars, and

receiving areas.
(d) Acreage includes storage area for waste including corridors and ventilation drifts, but

does not include area for shafts, or storage areas for other waste types if separate.
(e) In salt, the emplacement of spent fuel and HLW with plutonium is controlled by the more

restrictive 60 kW/acre far-field thermal limit. Otherwise the near-field limit would
be 150 kW/acre.

(f) In order to maintain spent fuel cladding temperatures within the 300°C limit with these
areal thermal loadings, the annulus around the canister is left open (no backfill).
Heat is transferred across this air space more readily than through crushed backfill
material and results in cooler canister and cladding temperatures.

TABLE K.1.3. Cummulative Heat Generated by 10-Yr-Old
Spent Fuel and High-Level Waste

kW-yr/MTHM

Years
Spent Fuel

Once-Through Cycle
HLW

U & Pu Recycle

0 0 0

10 9 9

50 40 30

100 58 36

200 78 43

300 92 46

400 102 49

500 116 50

1000 143 55
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In the very-near-field analyses, the baseline canister-emplacement design was a single

overpacked canister placed in a hole. In general, the void space between the sleeve and

the hole was assumed to be backfilled with crushed rock. In each of the HLW calculations,

a 15-cm annulus of crushed or fractured rock was assumed.

K.1.2 Thermal Loadings Achieved in Conceptual Repository Designs 

Engineering or operational constraints may restrict any of the thermal loadings dis-

cussed in the above section to values lower than the limits presented in Table K.1.2. These

constraints include such factors as reasonable HLW concentration in canisters, available

canister sizes, permissible hole spacing, and room stability limitations on hole arrange-

ments. Spent-fuel canister loading is limited in this Statement to a single PWR or BWR

spent fuel assembly so that canister heat loads are below limiting values. The HLW canister

diameters are reduced as necessary in each case so that the canister loadings are below the

limits of Table K.1.2. Alternatively the waste could be diluted with inert material without

reducing canister sizes to achieve the same result.

As a hedge against uncertainties in the criteria and other factors and to ensure a con-

servative estimate of repository capacities, the design areal thermal lodaings for both

spent fuel and HLW were established at 2/3 of this limiting areal loading parameter in

Table K.1.2. The age of both the spent fuel and HLW were assumed to be 6.5 years. Using

the criteria in Table K.1.2 for 6.5-year-old waste provided a further degree of conservatism

since the criteria were developed for 10-year-old waste (the thermal limits could be

increased for younger wastes). The resulting thermal densities actually achieved in the

first conceptual repositories are listed in Table K.1.4. The limiting thermal 'parameter,

i.e., near-field or far-field, is denoted by an asterisk. In the case of BWR fuel in shale

and the RH-TRU waste in all media except salt, structural limitations on canister place-

ments limit thermal loading.

Temperature profiles calculated for the conceptual repositories using the achieved

loadings are shown in Figures K.1.1 through K.1.8. The profiles show temperature increases

above ambient temperature as a function of depth at several times after the repository is

loaded, for both spent fuel and HLW and for the four geologic media. For example, the pro-

files for a spent fuel repository at a depth of 600 m in salt with the average loadings of

Table K.1.4, are shown in Figure K.1.1. The figure shows that the temperature at the repos-

itory depth reaches a maximum value about 70 years after emplacement. The calculation is

made assuming that the heat source is uniformly dispersed at the repository level. The tem-

perature is calculated along a line perpendicular to the plane of the repository and passing

through the center of the emplacement area. Actual temperatures in the vicinity of the

repository level will vary with the discontinuities of the temperature profile around each

canister.

Figure K.1.2 gives the profiles for the repository in salt for the high-level waste

from the reprocessing cycle. Corresponding profiles for each cycle are shown in Fig-

ures K.1.3 and K.1.4 for granite, K.1.5 and K.1.6 for shale, and K.1.7 and K.1.8 for basalt

repositories.
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TABLE K.1.4 Thermal Loadings Achieved at Conceptual Repositories

Cycle Thermal Loading at Emplacement Salt Granite Shale Basalt

Once-Through

0.72 0.72 0.72 0.72

PWR

kW/can

Near-field local kW/acre 50 130* 80* 130*

Far-field average kW/acre 40* 100 65 100

BWR

kW/can 0.22 0.22 0.22 0.22

Near-field local kW/acre 50 130* 55 130*

Far-field average kW/acre 40* 100 44 100

U & Pu Recycle

HLW

kW/can 3.2 1.7 1.2 1.3

Near-field local kW/acre 100* 130* 80* 130*

Far-field average kW/acre 76 95 60 95

RH-TRU (hulls)

kW/can 0.32 0.32 0.32 0.32

Near-field local kW/acre 100* 93 42 77

Far-field average kW/acre 76 70 32 60

* Denotes limiting thermal parameter.

Predicted temperature histories over the first 100 years for the waste (center line)

or spent fuel (center pin), the canister wall, and for the rock near the surface of the

emplacement hole are shown for the design canister loadings in Figures K.1.9 through K.1.16.

These temperatures correspond to the highest values obtained anywhere in the formation rock.

The temperatures have been calculated in models with detailed treatment of the very-near-

field, including 15 cm of crushed formation material between the rock and the canister in

the emplacement hole. Additional details of the models and analyses are contained in

DOE/ET-0028. The results for PWR spent fuel canisters and the HLW canisters, respectively,

in a salt formation are shown in Figures K.1.9 and K.1.10. The corresponding temperature

histories for granite, shale and basalt are shown in Figures K.1.11 and K.1.12, K.1.13 and

K.1.14, and K.1.15 and K.1.16 respectively.

The temperature histories are all well within the temperature criteria in Table K.1.1

except for the center pin temperature for spent fuel in basalt, which just reaches the 300°C

criteria. One method of reducing these temperatures is elimination of the crushed backfill

surrounding the emplaced canisters. Heat is transferred across the resulting air space more

readily than through the crushed backfill material and results in cooler canister and clad-

ding temperatures. A higher conductivity backfill material could also be used.

A tabulation of the material properties used in making these thermal ca•lculations is

shown in Tables K.1.5 and K.1.6.
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TABLE K.1.5. Material Properties

Thermal
Conductivity

W/m °C

Specific
Density Heat

kg/m3 W yr/kg °C

Salt 2162.0 2.65 x 10-5 (see Table K.1.6)

Shale 2563.2 2.65 x 10-5 (see Table K.1.6)

Granite 2675.0 2.65 x 10-5 (see Table K.1.6)

Basalt 2883.0 2.65 x 10-5 (see Table K.1.6)

Waste 2995.7 2.65 x 10-5 1.21

Concrete 2306.9 2.65 x 10-5 0.935

Backfill 2563.2 2.65 x 10-5 0.346

TABLE K.1.6. Thermal Conductivities W/m°C

Shale(a)
Granite Salt (horizontal)

Temperature
(°C) Basalt

0 1.16 2.86 6.11 1.94

50 1.19 2.70 5.00 1.78

100 1.26 2.56 4.21 1.77

150 1.32 2.44 3.60 1.75

200 1.37 2.34 3.12 1.73

300 1.49 2.15 2.49 1.71

400 1.56 1.99 2.08 1.70

(a) Shale vertical conductivity = 0.739 x shale horizontal
conductivity.

K.1.3 Impacts of Waste Age 

The thermal criteria discussed in Section K.1.1 are calculated on the basis of

10-year-old waste. Criteria estimates for waste ages of 5 to 50 years were also

developed. As spent fuel or HLW ages, the intensity of emitted radiation and heat declines

and the quantity of these materials that can be emplaced in a given repository area

increases somewhat. The thermal loading criteria required to meet the same temperature

limits tend to decline for older wastes but heat emissions decline at a faster rate

resulting overall in an increase in capacity.

Table K.1.7 lists maximum thermal loading criteria developed for both spent fuel and

HLW at 5, 10, and 50 years of age. These loadings take into account the temperature and

thermo-mechanical limitations listed in Table K.1.1.

The thermal loadings used to calculate repository capacities are shown in

Table K.1.8. These loadings take into account: 1) loading at 2/3 of calculated maximum,

2) the relationship between the near-field and far-field areas (i.e., the unused passive

areas for corridors, etc.), and 3) the limiting parameter, which is denoted by an asterisk.
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TABLE K.1.13. Heat Generation Rates for Spent Fuel and High-Level Wastes

Watts/MTHM
Waste PWR
Age Spent Fuel HLW 

5 2.18 x 10
3

1.90 x 10
3

10 1.18 x 103 1.08 x 10
3

20 9.45 x 102 8.0 x 10
2

30 7.7 x 10
3

6.0 x 10
2

40 6.5 x 10
2

4.5 x 10
2

50 5.6 x 10
2

3.6 x 10
2

100 3.0 x 10
2

1.2 x 10
2

200 1.6 x 102 2.5 x 101

300 1.3 x 102 1.8 x 10
1

400 1.1 x 102 1.6 x 101

500 9.5 x 101 1.4 x 10
1

1000 5.5 x 101 7.5 x 100
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TABLE K.1.11. Maximum Near-Field Temperatures with HLW

Formation
Age of
Waste

Maximum temperature, °C and Year
Formation Canister Waste Centerline

Salt 5 160 @ 1 yr 334 @ <1 yr 416 @ <1 yr

10 191 @ 10 yr 343 @ 3 yr 422 @ 2 yr

50 160 @ 5 yr 332 @ <1 yr 415 @ <1 yr

Granite 5 180 @ 1 yr 279 @ <1 yr 321 @ <1 yr

10 235 @ 15 yr 312 @ 10 yr 349 @ 3 yr

50 242 @ 25 yr 306 @ 15 yr 344 @ 5 yr

Shale 5 179 @ 1 yr 243 @ 1 yr 266 @ 1 yr

10 218 @ 10 yr 268 @ 10 yr 296 @ 10 yr

50 232 @ 25 yr 277 @ 25 yr 302 @ 5 yr

Basalt 5 262 @ 1 yr 331 @ 1 yr 360 @ 1 yr

10 318 @ 10 yr 374 @ 10 yr 402 @ 5 yr

50 319 @ 25 yr 364 @ 25 yr 394 @ 5 yr

TABLE K.1.12. Maximum Far-Field Temperature Increases

Age of Spent Fuel HLW 
Formation Waste Max°C Year Max°C Year

Salt 5 40 54 34 52

10 38 54 58 34

50 27 500 48 54

Granite 5 115 54 64 34

10 120 86 87 54

50 160 500 97 54

Shale 5 92 86 57 22

10 102 100 73 34

50 103 500 84 54

Basalt 5 144 86 87 22

10 155 100 130 34

50 175 500 125 34

The heat generation rates used in these calculations are shown for both spent fuel

(PWR) and reprocessing HLW in Table K.1.13.
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TABLE K.1.7. Thermal Loading Limits for Waste Repositories (kW/Acre)

Spent Fuel  HLW 
Age of Waste Near-Field Far-Field Near-Field Far-Field
at Emplacement Local Areal Average Repository Local Areal Average Repository

Formition (yr)  Loading Limit Loading Limit  Loading Limit Loadinq Limit 

Salt 5 240 100(a) 190 190

10 150 60(a) 150 150

50 100 31(a) 130 80(a)

Shale 5 180 180 140 140

10 120 120 120 120

50 70 63(a) 120 120

Granite 5 300 300 210 210

10 190 190 190 190

50 140 140 180 180

Basalt 5 300 300 210 210

10 190 190 190 190

50 140 140 180 180

(a) Long-term far-field considerations limit average repository loading in these cases.

TABLE K.1.8. Thermal Loadings Used, kW/Acre

Spent Fuel  HLW
Age of Waste Near-Field
at Emplacement Near-Field Far-Field Local Far-Field

Formation (yr)  Local Loading Average Loading Loading  Average Loading

Salt 5 84 67* 130* 97

10 50 40* 100* 76

50 25 20* 70 54*

Shale

Granite

Bas al t

5 120* 96 94* 70

10 80* 65 80* 60

50 52 42* 80* 60

5 200* 162 140* 108

10 130* 105 130* 100

5() 94* 76 120* 93

5 200* 162 140* 108

10 130* 105 130* 100

50 94* 76 120* 93

* Denotes limiting parameters.
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The calculated repository capacities at these loadings are shown in Table K.1.9

assuming 2000-acre repositories. These results are plotted and discussed in Section 5.3.

Maximum temperatures calculated for these loadings in both the near-field and far-field are

shown in Tables K.1.10 through K.1.12. The thermal criteria are met in all cases except for

spent fuel in basalt where spent fuel center pin temperature exceeds the 300°C criteria at

both 5- and 10-year loadings, indicating that basalt capacities may be overstated. The

variation in the maximum temperature in all media indicates that further optimization of the

loading criteria is desirable.

TABLE K.1.9. Repository Capacities as a Function of Waste Age, MTHM

Waste Type
and Median

5-Year
Age

10-Year
Age

50-Year
Age

Spent Fuel

Salt 57,600 61,100 64,700

Granite 141,000 150,000 193,000

Shale 70,700 76,300 90,600

Basalt 141,000 150,000 193,000

Reprocessing HLW

Salt 66,300 83,200 124,000

Granite 66,200 89,700 137,000

Shale 36,900 46,300 68,000

Basalt 63,000 83,300 122,000

TABLE K.1.10. Maximum Near-Field Temperatures with Spent Fuel

Age of  Maximum temperature, °C and Year 
Formation Waste Formation Canister Waste Centerline

Salt 5 92 @ 30 yr 127 @ <1 yr 143 @ <1 yr

10 88 @ 40 yr 106 @ 20 yr 116 @ 10 yr

50 107 @ 80 yr 110 @ 80 yr 116 @ 80 yr

Granite 5 218 @ 30 yr 232 @ 20 yr 243 @ 1 yr

10 227 @ 30 yr 238 @ 25 yr 243 @ 25 yr

50 204 @ 70 yr 210 @ 70 yr 213 @ 70 yr

Shale 5 193 @ 30 yr 227 @ 1 yr 252 @ 1 yr

10 204 @ 30 yr 221 @ 25 yr 227 @ 20 yr

50 171 @ 60 yr 182 @ 40 yr 187 @ 40 yr

Basalt 5 288 @ 20 yr 312 @ 2 yr 332 @ 1 yr

10 299 @ 30 yr 312 @ 30 yr 318 @ 25 yr

50 254 @ 60 yr 260 @ 60 yr 262 @ 60 yr
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K.2 REMOVAL OF EMPLACED WASTE 

Once wastes are emplaced at a geologic repository it is considered unlikely that they

will require removal. Confidence in the suitability of the repository to isolate wastes

will be high at the time waste emplacement operations commence because of extensive

preemplacement testing and exploration, thorough DOE and peer review, and NRC licensing.

In spite of this, repository design takes into account the possible need to remove emplaced

wastes. Conditions that may be postulated to require waste removal include:

• detection of defective canisters that require removal, repackaging, and

reemplacement

• disqualification of a portion of the repository that neccessitates removal and

reemplacement of the affected canisters

• failure of in-situ tests and data acquired during monitoring of repository opera-

tions to provide sufficient confidence in long-term repository performance, which

requires removal of wastes and abandonment of the repository site.

As discussd in Section 5.3.1.5, wastes are emplaced in a readily retrievable manner

during initial operations and are emplaced recoverably during the remainder of repository

operations. Removal of emplaced wastes will require different levels of effort depending

upon the phase of repository operations during which removal takes place.

K.2.1 Readily Retrievable Emplacement 

During the initial phase of repository operation wastes are emplaced so that they can

be readily retrieved. During this period emplacement holes are lined with steel sleeves

and sealed with removable concrete plugs. The sleeves and plugs ensure that the canisters

are accessible and minimize corrosion or other damage. Verification of repository func-

tions continues throughout the period of ready retrievability; extensive in-situ testing

rock core analysis, and other confirmatory programs are performed. In-situ testing and

monitoring include sensors for temperature, strain and pressure, and sampling systems for

air and ground water installed with a statistically significant number of canisters. From

these activities, additional data will become available for use in the various mechanis-

tic, computational models that form the basis for long-term projections of performance.

Should a decision be made to extend the period of readily retreivable emplacement

beyond the initial 5 years, the use of sleeve-lined holes and concrete plugs would

continue and rooms would be left open. For extension beyond a few years, the areal

thermal density of emplaced wastes may need to be decreased. By decreasing the amount of

thermal energy stored in the rooms, thermal stresses in the ceiling and supporting pillars

are reduced to the point where room opening stability can be reasonably assured for the

longer period.

Table K.2.1 lists calculated near-field local thermal densities for 25-yr readily

retrievable emplacement of 10-year-old spent fuel at the conceptual repositories located

in salt, grapite, shale, and basalt formations. Consistent with the conservative approach
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TABLE K.2.1. Near Field Local Thermal Densities(a) for 25-Year
Ready Retrievability of 10-year-old Spent Fuel

Near-Field Allowable Thermal Loading, kW/acre
Salt Granite Shale Basalt 

24 53 36 53

(a) These densities are conservative values
that are 2/3 of the calculated densities.

taken in the 5-yr readily retrievable case, the values in Table K.3.1 are two-thirds of the

calculated maximuM acceptable thermal densities for 25-yr ready retrievability.

As discussed previously in Section K.1, Thermal Criteria, the criteria controlling

placement of spent fuel in salt with 5-yr ready retrievability is the far-field average

thermal density. However, in the case of 25-yr ready retrievability, near-field local

thermal density becomes the controlling criterion because maintaining room and pillar sta-

bility for 25 years requires a more restrictive thermal density than is needed to limit

long-term uplift.

An additional concern for the repository in salt is the creep closure of rooms over

the 25-yr period of ready retrievability. To compensate for this, room ceiling heights are

increased 7.6 m for 25-yr ready retrievability (6.7 m for 5-yr ready retrievability).

An alternative approach for achieving 25-yr ready retrievability is to provide heat

removal from the mine by continuously ventilating emplacement rooms. This technique could

allow higher thermal densities by removing heat from the rock formation to keep room and

pillar stresses within acceptable limits. Additional details of this approach are provided

in Y/OWI/TM-44 (Union Carbide Corp. 1978).

The unit cost for providing 25-yr ready retrievability for emplaced spent fuel elements

at a repository located in salt is $90/kg HM (mid-1978 dollars) compared to $54/kg HM for

5-yr ready retrievability. The primary reason for this difference in cost is the reduction

of repository waste capacity by about a factor of two for the 25-yr ready retrievability

option. Another contribution to the higher cost is $70 million for additional mining and

backfilling that is necessary as a result of increased ceiling height for the repository in

salt. Use of sleeves for all emplaced wastes also costs an extra $4 million annually. Unit

costs for 25-yr readily retrievable emplacement of spent fuel in the other rock media would

also increase although additional mining to increase ceiling height would not be required.

During the initial phase of readily retrievable emplacement, removal operations are

relatively straight-forward. Because rooms are left open and the lined emplacement holes

are sealed with removable concrete plugs, removal of emplaced wastes simply involves revers-

ing the emplacement procedures. A transporter reenters the emplacement room and positions

itself over the sealed hole. The concrete plug would be removed and the waste canister

raised into the transporter. The transporter then delivers the canister to a waste receiv-

ing station where it is loaded into a shaft and lifted to the surface. On the surface the

canisters are placed into temporary dry well storage until a new repository is ready.
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K.2.2 Recoverable Emplacement 

At the end of the period of readily retrievable emplacement (assumed to last 5 years

for this conceptual repository), holes are no longer lined with sleeves or sealed with con-

crete plugs, and rooms are backfilled after being filled with waste. For the remainder of

repository emplacement operations the wastes are considered to be recoverable with consider-

ably greater effort than required for removal of readily retrievable wastes. Although suf-

ficient confidence in repository performance existed to justify termination of ready

retrievable emplacement, observations and measurements will likely continue.

Recovery operations are more complex after the phase of readily retrievable emplacement

ends. Before removal operations could begin, backfilled rooms first have to be reexcavated.

This is done using standard earth-moving equipment with care taken to avoid excessive damage

to emplacement holes. Backfill is removed from emplacement holes using shielded boring

equipment; again, care is taken to avoid damage to the hole or canister. At this point the

waste canister is removed to the surface as described for the readily retrievable case.

In the event that a canister has become damaged and is not able to be extracted

directly from the hole special steps need to be taken. This may include core drilling

around the damaged canister through the surrounding rock. The rock and waste are then

transported to the surface and repackaged for temporary storge and disposal elsewhere.
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K.3 ENGINEERED SORPTION BARRIERS 

In addition to retardation of radionuclide migration with an appropriate canister

design or inert coating of the waste form, certain materials can be used to absorb or other-

wise slow radionuclide migration from the package and the repository.

Possible retardation mechanisms include surface adsorption, ion exchange, coprecipita-

tion, and redox effects. The use of coprecipitation appears impractical as a retardation

mechanism because of its rather selective nature and because a wide range of radionuclide

chemical species must be retarded.

K.3.1 Performance Requirements 

Solids selected for radionuclide adsorption, ion exchange, and redox effects in several

combinations can be used for repository backfilling, for an overpack in the immediate vicin-

ity of the canister exterior, and/or for a protective packing between the waste form and the

interior surface of the canister (Karn-Bransle-Sakerhet 1978). The sorption material must

be mechanically, thermally, and chemically stable in the repository environment. Also, it

must be dry when in contact with the canister interior and in the waste form radiation field

to prevent accelerated canister corrosion or pressurization. Good heat conducting proper-

ties and relatively low permeability to ground water also are desirable sorption material

characteristics. If the material is used for repository backfilling, it should have suffi-

cient loadbearing capacity to prevent cavern roof collapse onto stored wastes and to prevent

major movement of the waste canisters. The organic contents of the filling material should

be very low, probably less than 1%, to avoid radionuclide complexing and enhanced migration

rates. Materials may be added to affect oxidation-reduction changes that retard radionu-

clide migration. Radionuclide migration rates of the elements antimony, iodine, neptunium,

plutonium, ruthenium, technetium, and uranium may be affected by changes in the redox poten-

tial.

K.3.2 Sorption Materials Performance 

Research sponsored by the Office of Nuclear Waste Isolation (ONWI) is determining sorp-

tion coefficients of many minerals and rocks that may be of interest for sorption barrier

use. Swedish (Allard et al. 1977, Haggblom 1977) and Canadian (Acres Consulting Services,

Ltd. 1977) workers also have ongoing programs to investigate sorption of radionuclides in

clays and rocks. Sorption investigations involving 19 radionuclides that are of interest

in waste disposal operations were summarized in a 1976 EPA literature search (Ames and Rai

1978).

The solution species formed from the radionuclides of the various elements are a pri-

mary control on their adsorption by a potential retardant. Possible solution species, based

on existing thermodynamic data, are shown in Table K.3.1. Rocks, soils, and sediments are

predominately cation exchange materials. The inorganic anion exchangers include the amor-

phous hydrated oxides from iron, aluminum, and manganese, which are found naturally, and

other synthetic anion exchange materials such as zirconia or titania. The environmental

factors reported to effect radionuclide adsorption are summarized in Table K.3.2.
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TABLE K.3.1. Predominant Solution Species of Elements Without Organic Ligands
(Karn-Bransle-Sakerhet 1978)

Little Affected by
Elements Oxidation-Reduction

Am Am3+, AmSo4+, Am(OH)2+

Sb

Ce Ce3+, CeSO4

Cs Cs+

Co Co2+, Co(OH)2

Cm Cm3+, Cm0H2+, Cm(OH)2

Eu Eu3+, EuSO4
+, Eu2P2072+

Np

Pu

Pm Pm3+

Ra Ra2+

Ru

Sr Sr
2+

Tc

Th ThF3+, Th(OH)
3

3H H+, 3H-O-H

Zr Zr(OH)40, Zr(OH);, ZrF3+

In an Oxidizing Environment In a Reducing Environment 

HSb0
2' 

Sb(OH)
3'
 SbOF°,

Sb(OH)4-

I-, 103-

Np024-, Np02HPO4 ,

Np02HCO3

Pu022+, Pu02(CO3)(OH)2
2

Pu02+

Ru(OH) +
' 

Ru0
4 

Ru0
4 
2-

2 

Sb0+

Np0H3+, Np4+

PuOH2+, Pu3+

Ru04

Tc04- Tc0
2

U024:
' 

UO
2 ' 
F+ UO

2 
(OH

2 
)°

2  '

UO (CO )2' 3 3

UO
2+ 
' 

UOH
3+
, UO2

+

UO (CO )4-
2' 3 3

Examples of inorganic sorption materials are given in Table K.3.3. Chabazite, erionite

and clinoptilolite are zeolites that occur in large deposlts of sedimentary origin (Hay

1966) and montmorillonite is the main clay mineral in bentonites. Thermal and hydrothermal

stabilities generally are acceptable for the intended use. The thermal conductivities of

both clay minerals and zeolites are comparatively low. The zeolites are quite permeable to

ground-water while sodium-based montmorillonites show low permeabilities (Jacobsson 1977).

Pusch (1978) has suggested that varying amounts of quartz sand be added to bentonite

and that it be compacted to improve its load-bearing and thermal conductive characteristics

while retaining some of its cation exchange properties. Through the use of simple relation-

ships between diffusion or solution flow-controlled migration and equilibrium distribution

coefficients, Neretnieks (1977) determined the retention time in years in 1-m-10%

bentonite/90% quartz and clinoptilolite sorption barriers as shom in Table K.3.4.

The barrier depths (in meters) required to retard various radionuclides for 30 half-

lives are show in Table K.3.5. Clinoptilolite is a better sorption barrier, but it is more

permeable and has less bearing strength than the bentonite-quartz mixture. For use within

the canister, the clay minerals and zeolites can be dehydrated at just below their stability

temperatures.
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TABLE K.3.2 Factors Reported to Effect Adsorption of Radioelements Over the pH Range
of 4 to 9 (Karn-Bransle-Sakerhet 1978)

Factors
Complex Ions  Probable

Soil Competing Inorganic Organic Colloid Adsorption

Element 2# Eh CEC  Ions  Selectively Adsorbed on Ligands Constutuents Formation Mechanisms 

Am X X X IE

Sb X Iron Oxides X X X PPT

Ce X X X X TE, PPT

Cs X Zeolites, Micas IE

Co X Illite, Iron Oxide X X X IE, PPT

Cm 
X X PPT

Eu X X X IE, PPT

I OM X OM

Np 
X X UNK

Pu X X X X X X IE, PPT

Pm X X X IE, PPT

Ra X X Zeolites, Barite IE

Ru X OM X X PPT

Sr X X X Calcite, Zeolites X X IE

Tc 
X UNK

Th X X OM X X X IE, PPT

3H H20 
NONE

U X X X OM X X PPT,IE

Zr X X X X PPT

(a) CEC = Cation Exchange Capacity.

(b) IE = Ion exchange, OM = Organic Matter Adsorption, PPT = Precipitation, UNK = 
Unknown.

Thermally Unstable
in Air at, °C

Chabazite Ca2 [(A102)4(Si02)8] -3H20 390 600

p102)6(Si02)30 -24H20 220 750

Ca4.5 {(A102)9(Si02)r] • 27H20 310 750

Clinoptilolite Ca3

Erionite

Mordenite Ca4 [(A102)8(Si02)40]-24H20 230 800

Montmorillonite (Al
3.34Mg0.66) 

Si8020(OH)4-1120 150 390

Hydrothermal Stabilities at 100 Bars Pressure for 10 Days

TABLE K.3.3. Thermal Stabilities and Cation Exchange Capacities of Several Clay Minerals
and Zeolites (Breck 1974, Eberl et al. 1978, Ames and Sand 1958, Grim 1968)

Hydrated
Cation Exchange

Material Composition  Capacity, meq/100 q

°C  Products Composition

Chabazite 230 Wairakite

Clinoptilolite 360 Mordenite

Montmorillonite 400 Quartz, Feldspar

Montmorillonite 300 Quartz, Montmorillonite

Ca8 (A102)16(Si02)32 -16H20

Si02, NaA13Si308
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TABLE K.3.4 Retention Time Ranges on 1-m Barriers for
Several Radionuclides (Neretnieks 1977)

Retention Time, Years

Radionuclide
10% Bentonite/
90% Quartz

90Sr 30
137Cs 20 to 30
226Ra 40 to 50
229Th 50 to 300
237Np 2.1 x 106

239Pu 2.4 x 104

241Am 458
99Tc 1
129I 1

Clinoptilolite

600 to 1,400

2,200 to 5,200

600 to 1,400

unknown

unknown

unknown

1,000 to 30,000

1

1

TABLE K.3.5 Barrier Depth (m) Required to Retard Various
Radionuclides 30 Half-Lives (Neretnieks 1977)

30 Half-Lives Barrier Depth, m 
10% Bentonite/

Radionuclide 90% Quartz Clinoptilolite 

90Sr 1 0.2
137Cs 1 0.1
226Ra 40 1.5
241Am 1 0.1 to 0.7

If the reduced or oxidized species is less soluble than the original radionuclide solu-

tion species, an oxidation-reduction (redox) reaction may be used to retard the mobilities

of certain radionuclides. Very little work has been done using redox controlling materials

as migration retardants. An example of redox control is the use of wustite (Fe0) to sur-

round the waste form. The oxidation of ferrous to ferric ion would reduce technetium in the

highly mobile pertechnetate ion (Tc04) from Tc(VII) to Tc(IV). (Latimer 1952 and Pourbaix

1966). Tc(IV) is a much less mobile form of technetium than Tc(VII).
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APPENDIX L

WASTE ISOLATION RESEARCH AND DEVELOPMENT PROGRAM

A program of waste isolation research and development is underway to obtain the data

identified as needed in this report, as well as those identified in other review acti-

vities. The Department of Energy (DOE), conducting research and development toward waste

isolation, has placed emphasis on the development of plans and strategies which incorporate

an iterative approach which includes substantial scientific peer review. An important

activity of this type was the preparation of the Earth Science Technical Plan (ESTP) for 

Disposal of Radioactive Waste in a Mined Repository (DOE/USGS 1980). The ESTP describes

the research and development programs sponsored by the Departments of Energy and Interior.

Additional work is in progress in the U.S. sponsored by the Nuclear Regulatory Commission

(NRC), Environmental Protection Agency (EPA), and the utility industry. Additional work is

also in progress in Sweden, Germany, France, England, Japan and Russia. A list of ongoing

research projects organized by the technology categorization of Section 5.2 (Geologic

Disposal--States of Technology and Research and Development) is presented below. This list

is not complete, but rather is intended to suggest the scope and depth of current research.

L.1 GEOLOGIC SITE SELECTION 

Research and development projects supporting site selection technology are listed below

by several subcategories.

ONWI(a)

L.1.1 Long Term Geologic Stability 

Regi onal studi es to excl ude tectoni cal 1 y acti ve areas

from further siting considerations

LASL/SLA Prediction of volcanic activity

LLL/SLA Flow charts for investigation and evaluation of candi-

date sites

LLL

ON WI

DOE/Woodward-Clyde

DOE/TBEG

DOE/Law Eng.

DOE/Stone & Webster

Derivation of parameters for evaluating sites

Criteri a for geol ogic di sposal of radioactive waste and

site qualification criteria

Evaluation of the Paradox Basin

Evaluation of the West Texas Bedded Salt

Evaluation of Gulf Coast Salt Domes

Evaluation of the Salina Salt Basin

(a) The research and development organizations indicated by abreviation are identified
on page L.1.7.
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USGS/LASL-SLA Evaluation of the Nevada Test Site and Southern Nevada

DOE/RHO et al. Evaluation of the Columbia Plateau

DOE/PNL Release scenario modeling

DOE/LLL Derivation of parameters for evaluating sites

ONWI Criteria for geologic disposal of radioactive waste and

site qualification criteria

USGS

DOE/SLA

USGS

DOE/SLA

USGS

Long term prediction of natural events and changes

Climatic/tectonic stability of the West Texas Salt Flats

Basin

Climatic stability, Pecos River history

Climatic stability, San Simon Sink.

L.1.2 Characterization of Current Geology and Hydrology 

Radar techniques, high-frequency electromagnetic borehole

techniques, geophysics for site characterization

LLL/Texas A&M Radar exploration techniques

Texas Bur. Mines/CONOCO Improving resolution of existing geophysical techniques

DOE/LBL Evaluation of geophysical techniques in fractured crys-

talline rock

Georgia Tech. Geothermometry

DOE/ORO The utility of petroleum exploration data in delineating

structural features within salt anticlines

USGS Water flux in the unsaturated zone of deserts, field test

of flow in unsaturated alluvium, nonisothermal water

fluxes in the unsaturated zone, characterization of local

ground water systems, short-term hydraulic effects, fluid

flow in fractured rocks, solute transport model in the

unsaturated zone

USGS/SLA Characterization of regional ground water systems

DOE/LLL Fracture permeability of rocks under pressure, permea-

bility measurements

DOE/LBL Crystalline rock hydrology.

L.1.3 Seismicity 

DOE/SRL Subsurface earthquake damage

DOE/SLA Effect of depth on ground motion
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L.3 THERMAL AND RADIATION EFFECTS 

DOE/LLL Mechanical behavior of rocks under pressure

DOE/SDSM Bench-scale creep tests on rock salt

DOE/Texas A&M Transient creep in rock salt

DOE/SLA Thermal-structural interactions

DOE/SAI-LBL Analysis of thermomechanical response of salt

USGS Geomechanics of thermally induced stress on in-situ

stress and fracturing

DOE/LBL In-situ stress measurement techniques (Stripa 7)

DOE/RHO-Univ. of Minn. Numerical modeling of rock stresses within a basaltic
& Dames & Moore nuclear repository

NRC/TASC Information base for waste repository design, Volume 3;

Waste Rock Interactions

DOE/ORNL Radiolysis of brine

DOE/SLA Thermal-structural interactions in salt, pressure effects

on thermal conductivity and expansion of geologic

materials

DOE/LBL In-situ thermomechanical tests of Stripa granite, large

scale permeability tests of granite in the Stripa Mine

and thermal conductivity tests

DOE/LLL Granite heater and rock mechanics tests Climax Stock

DOE/RE/SPEC Parametric thermoelastic analysis of high-level waste and

spent fuel repositories in granite and other non-salt

rock types.
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L.2.4 Rock Permeability and Ground Water Flow 

LBL Development of fractured flow and thermal-hydraulic flow

models

USGS Solution of solute transport equations

LBL Development of analytical transport models

UCB Brine migration modeling

SLA Tracer tests of overlying strata

SRL Osmotic effects of clay minerals

USGS Solute transport in the unsaturated zone

USGS Water flux in the unsaturated zones of deserts

USGS Field test of flow in unsaturated alluvium.

L.2.5 Rock Pressure 

DOE/LBL In-situ stress measurements techniques (Stripa 7).

In-situ thermomechanical test in Stripa granite

DOE/RE/SPEC In-situ test--Avery Island Salt Dome

DOE/SLA Instrumentation development for in-situ tests. Thermal-

structural interaction--bench and in-situ tests. In-situ

test of Conasauga Shale

DOE/LLL Granite heater and rock mechanics tests

DOE/RHO Near-surface Test Facility programs for in-situ testing

of basalt at the Hanford Reservation, rock mechanics

methods and in-situ heater tests in basalt.
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NRC/NUREG Workshop/review of site suitability criteria

ONWI Geological criteria for suitable sites of high-level

radioactive waste; criteria for the geologic disposal of

radioactive waste and site qualification criteria, pre-

liminary site selection for SPR facilities in Louisiana

and Mississippi

OWI/Woodward-Clyde Preliminary geologic site-selection criteria for NWTS.

L.1.4 Land Use and Transportation Considerations 

TRW Socioeconomic studies

HARC Socioeconomic studies

Stearns-Roger Conceptual Design No. 1

Kaiser Conceptual Design No. 2; SAI

NUS Environmental Criteria.
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L.2 HOST ROCK PROPERTIES 

Research and development projects to better define host rock properties are listed

below by several subcategories.

L.2.1 Discontinuities 

USGS Development of geophysical techniques, high frequency

electromagnetic borehole techniques

LLL Development of single hole electromagnetic probe

RHO Verification studies of specific geologic structures of

the Columbia Plateau.

USGS/LASL-SLA

USGS

L.2.2 Rock Strength and Excavation Stability 

Evaluation of granite, argillite, and tuff at the Nevada

Test Site and in southern Nevada

Surveys of granite and other crystalline rocks, argil-

laceous rocks, western Cretaceous shales tuff and zeoli-

tised tuff

DOE/LBL Directional permeability of Stripa granite

DOE/BNL Geothermometry of shale

DOE/SLA In-situ test of Conasauga Shale

DOE/LLL Granite heater and rock mechanics test Climax Stock.

L.2.3 Hardness and Mineability 

ORNL/SAI Expected repository environments

RE/SPEC Repository concepts analysis

Univ. of Minn. Development of displacement-discontinuity models

ORNL Salt model piller studies

USGS Geomechanics

RHO/CSM Advanced rock testing of basalt

LLL Mechanical behavior of rocks under pressure

LBL Material behavior of strips granite

LBL Ultra-large rock core tests

RHO/PNL/and Others Field investigation to determine in-situ geologic, hydro-

logic, and engineering parameters.
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L.4 REPOSITORY PERFORMANCE 

DOE/ORNL Borehole plugging--cement technology studies

DOE/SLA Materials development, instrumentation, and field testing

for borehole plugging

NRC/TASC Information base for waste repository design, Volume 1,

Borehole and Shaft Sealing

DOE/RHO Borehole plugging programs at Hanford

ONWI/PNL Borehole plugging and shaft sealing for geologic isola-

tion of radioactive waste.

ONWI/PNL Assessment of the effectiveness of geologic isolation

systems

ONWI/PNL Waste/rock interaction technology

NRC/SLA Risk methodology for radioactive waste disposal in geo-

logic media

NRC/LLL Standards for the management and disposal of high-level

and transuranic waste

EPA/Univ. of N.M. Assessment method for geologic isolation of nuclear waste

EPA/ADL Technical base for establishing regulations for disposal

of HLW

USGS Long term prediction of natural events and change

RHO/Furgo, Inc. Assessment of geothermal and volcanic activity

SLA/LASL Evaluation of tectonic, seismic, and volcanic hazards,

Nevada Test Site and vicinity

BDM/INTERA/SAI/SLA Nuclear waste repository safety assessment
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Glossary of Acronyms Used in Appendix L 

ADL Arthur D. Little, Inc.

BDM BDM Corporation

BNL Brookhaven National Laboratory

BWIP Basalt Waste Isolation Program

CONOCO Continental Oil Co.

CSM Colorado School of Mines

DEIS Draft Environmental Impact Statement

DOE U.S. Department of Energy

EIS Environmental Impact Statement

EPA U.S. Environmental Protection Agency

GCR Geologic Characterization Report (WIPPO)

HARC Human Affairs Research Center (Battelle)

HLW High-Level Waste

INTERA INTERA Environmental Consultants

LASL Los Alamos Scientific Laboratory

LBL Lawrence Berkely Laboratory

LLL Lawrence Livermore Laboratory

N Subcontractor not determined

NRC U.S. Nuclear Regulatory Commission

NWTS National Waste Terminal Storage

NUS NUS Corp

ONWI Office of Nuclear Waste Isolation (Battelle)

ORNL Oak Ridge National Laboratory

ORO Oak Ridge Operations (DOE)

OWI Office of Waste Isolation

PBQ&D Parsons, Brinkerhoff, Quade & Douglas

PIR Preliminary Information Report

PNL Pacific Northwest Laboratory

RE/SPEC Re/Spec, Inc.

RHO Rockwell Hanford Operation
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SLA Sandia Laboratories-Albuquerque

SRL Savannah River Laboratory

SSA Southern Science Applications, Inc.
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TBEG Texas Bureau of Economic Geology

TRW TRW Inc.

USGS U.S. Geologic Survey

WIPP Waste Isolation Pilot Plant

WISAP Waste Isolation Safety Assessment Program
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APPENDIX N

WASTES FROM THORIUM-BASED FUEL CYCLE ALTERNATIVES 

A number of thorium-based fuel cycle alternatives to the light water uranium-plutonium

cycle have been proposed. The alternatives include: the uniform enrichment of thorium in

LWR and heavy water; spike blanket systems in LWRs; crossed progeny in LWR's heavy water and

fast converters; light water breeder (LWBR); and high-temperature gas-cooled reactor (HTGR)

fuel cycles. For this Statement the LWBR and HTGR cycles have been chosen for discussion

because their demonstration is nearer completion. Thus, they may be the first systems able

to employ a thorium load. Moreover, a standard LWR using a thorium fuel cycle will have

fission-product yields very similar to those of the LWBR. Analyses for managing wastes from

these thorium fuel cycles have not been made in as great detail as for the LWR uranium

cycles presented elsewhere in this Statement. The basis for this discussion is DOE/ET-0028,

and that document should be referred to for a more-complete presentation.

As in the slightly enriched light water reactor cycle, power reactors could use thor-

ium in either recycle or nonrecycle modes. In the recycle mode, spent fuel is reprocessed

to remove fissionable 233U that has been generated and to remove the initial fissionable

species that remains unburned from the irradiation.(a) This material (mostly bred 233U) can

then be refabricated into fuel elements for reinsertion into a nuclear power reactor. This

can be accomplished whether or not the amount of fissile material generated is large enough

for the reactor to constitute a true breeder, which, once started, provides its own fission-

able fuel. The system may not be operated as a breeder, but even so, the fissionable mate-

rial required for makeup (235U, plutonium, 233U from other sources) may not be large.

In the nonrecycle mode, the fissionable material generated is not returned to the core,

either because the fuel is not reprocessed or because the product from the reprocessing

plant is treated as waste or is stored for future use. In this case, new fissionable

material would be supplied for each core loading.

In the discussion that follows, wastes from the reprocessing of thorium fuels from

LWBR and HTGR are compared with those from commercial light waste reactors (LWRs). It is

assumed that 99.5% of the plutonium is separated from the LWR waste in reprocessing, but is

not recycled. A11 comparisons are based on production of equal quantities of electrical

energy.

(a) Under DOE management directives it is mandatory that 233U and 239Pu be disposed of in a
Omilar manner. The reasoning for this is not because of any near-term risk from the
MU but because of the higher specific toxicity of the daughter products in the long
term.
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Fission product activity in thorium wastes is about the same as that in LWR wastes, with

only slight aggregate differences because of the mass distribution of 233U fission fragments

and the greater thermal efficiency of HTGRs. Some of the specific isotope yields are differ-

ent by a factor of about two, but these differences are not among controlling long-lived

isotopes and thus neither simplify nor complicate long-term waste storage as visualized and

being developed for the slightly enriched uranium (SEU) cycle in LWRs.

Radiogenic heating is of importance when considering storage and isolation of certain

radioactive wastes. Heat generation rates in the thorium wastes are essentially the same

as in LWR wastes for the first several thousand years. They reach a maximum at less than

twice the LWR rate in about 100 years, then decrease and finally peak again at 50 to

100 thousand years. Although the latter peak can exceed the LWR rate by a factor of 15, the

actual value of the heat generation rate is quite small by that time.

For the first few thousand years, actinide and heavy element radioactivity in LWBR

wastes is somewhat less than that in the LWR wastes. The radioactivity in HTGR wastes at

these times exceeds that in LWR wastes by up to a factor of 7 because of the plutonium

(primarily 238Pu) which is present. After hundreds of thousands of years, the radioactivity

in both HTGR and LWBR wastes exceeds that of LWR wastes by factors of 10 to 20. As in the

case of heat generation, however, the absolute activity at these long times is relatively

small.

In the instance of thermal neutron reactors, the more 233U recycled, the lower will be

the releases of transuranium isotopes formed by successive neutron captures in the fuel.

This is due mainly to the fact that the capture-to-fission ratio is less for 233U than for
235U, 239Pu, or 241Pu. On the other hand, more (5 to 10%) 233U in thorium fuel cycles must

be fissioned than 235U or plutonium in the SEU because the energy yield per fission for
233U is less, and because thorium has about one-fifth the fast-fission effect of 238U.

The actinide radioactivity and the heat generation rate differences are also influenced

by the way the transuranic isotopes are managed, in particular regarding the yields on pro-

cessing and the goal exposure of the fuels. However, when the gross characteristics of the

LWBR-generated waste (total activity, heat output, chemical and physical form) are compared

to LWR-generated waste, these characteristics are very similar (DOE 1979). As a result, no

special waste management requirements are posed by the LWBR concepts which do not already

exist for the LWR and no changes are anticipated to be necessary in the waste isolation pro-

gram for LWR systems to accommodate a thorium-based system. ERDA (1976) performs an envi-

ronmental assessment of a thorium-uranium fuel cycle and should be referred to for detailed

information.

Gaseous releases from a facility reprocessing thorium-233U fuel would be somewhat

greater than those from a reprocessing facility. This is particularly true for 85Kr,

although the xenon yields are more nearly equal. Because of the greater 85Kr release, an

analysis is required to determine the significance of the release.

The 14C release from an HTGR reprocessing facility could be up to 15 times larger than

that of SEU in LWRs because of the large amount of graphite in the fuel and the burning
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operation used to separate the fuel from the structural material. In this amount a system

might be required to remove 14C from the reprocessing facility off-gas stream.

Because of high radioactivities, the isotopes 232U and 228Th incidentally generated in

the 232U-thorium cycle pose some short-term handling problems not significantly present with

the SEU system. Uranium-232 has a 70-year half-life followed by much shorter half-lived

daughters leading to 208T1, which has a 2.6 MeV gamma. In the recycle case, this compli-

cates the handling of 233U fuels even though it is present in only a few parts per million.

However, as a diluent in uranium, it does not appreciably complicate waste storage. A long-

term concern may be the precursor of 
232U, namely 231Pa. The concentration in the wastes

of 231Pa with its 32,500-year half-life will depend on how it is managed in the successive

recycle. There is, of course, an incentive to hold the protactinium in a processing vessel

to assure that the 233Pa fully decays to 233U, which is then bled off and recycled. Under

these circumstances there is no reason to recycle protactinium and thus 231Pa is not "burned

out." Its concentration in the wastes is correspondingly increased

approach the 239Pu concentration in wastes from plutonium recycle.

ated by purposefully irradiating 231Pa as an isolated target and by

to levels that may

This could be allevi-

adding the 232U gener-

ated into the high-level wastes in dilutions so localized heating will not be produced.

Currently it is believed necessary to add fluorine to dissolve spent thorium oxide

fuel. The effects of fluorine, if any, upon the waste processing are unknown. However,

steps could be taken to obviate the fluorine in the processing. This may involve addition

of magnesium, calcium, or other elements to thorium oxide which will add to waste volume,

but not appreciably to radioactivity. This may, however, increase the solubility of

thorium dioxide in water coolant streams, increasing contamination of water coolant streams

if fuel jackets develop leaks.

It is not believed that fluorine will detract from the qualities of the waste glass as

fluoride is a constituent of many commercial glasses and enamels. The fluorine content of

commercial glasses rarely exceeds 6%. Fluoride at those high concentrations acts as an opa-

cifier in the glass owing to dispersed fluoride crystals. considerable laboratory experi-

mentation has already been done on the incorporation of fluoride in nuclear waste glass.
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APPENDIX P

MINERALS THAT COULD BE USED TO CONTAIN RADIONUCLIDES

This appendix presents a review of minerals that are candidates for the isolation of

radionuclides in synthetic minerals, as discussed in Section 4.3.2.3. Analyses of the

potential hazard from certain HLLW radionuclides suggest the greatest effort in solidifica-

tion into synthetic minerals would be placed on the following groups of elements:

• Actinides and Lanthanides. The actinides Np, Pu, Am, Cm and their daughters constitute

the major hazard in nuclear wastes from about 1000 to 5000 years of storage, with the

exception of 226Ra, which does not become significant until about 105 years

(Cohen 1977). The majority of the lanthanide elements (La, Ce, Pr, Nd, Pm, Sm, Eu,

Gd, Tb, Dy, Ho) are present as stable isotopes after a few years, and only trace

amounts of a few STP and Eu radionuclides have long half-lives. However, the

lanthanides could be included with the actinides for several reasons: they occur

together at one stage of partitioning; lanthanides and actinides are

crystallographically and chemically very

similar and usually occur together in the same minerals; the lanthanides can act as

diluents in synthetic minerals for a-emitting actinides in order to minimize radiation

effects.

• Strontium and cesium. These elements constitute both the major heat producers and bio-

hazards in nuclear wastes for the first 600 years or so (Cohen 1977).

• Techetium and iodine. These two fission products have long-lived isotopes (99Tc,

= 2.1 x 105 y; 129I, t1/2 = 1.7 x 10
7 y) and are biohazards. They have the additional

characteristics of forming anions that can migrate in soils and rocks as fast as the

solutions in which they are dissolved (Rai and Seine 1978), i.e., without any substan-

tial hold-up due to ion exchange or adsorption.

The minerals reviewed here are either known to contain substantial amounts of these

elements or are likely to accept these elements based on compatible crystal chemistry. The

physico-chemical and crystal chemical criteria for selecting host minerals, along with the

common mineral synthesis methods, are discussed and tables of candidates are presented. A

thorough treatment of what is known about the process of metamictization and metamict min-

erals is also included.

P.1 PHYSICO-CHEMICAL PRINCIPLES 

P.1.1 Stability Criteria

The physical and chemical foundations used to define whether a known mineral is classi-

fied as very stable, relatively unstable, or very unstable with respect to alteration,

weathering and diagenesis include solubility and geologic data.
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P.1.1.1 Use of Solubility Data 

Chemical weathering and alteration are most often the result of the interaction between

an electrolyte aqueous solution and the various minerals being weathered. Several factors

are important in determining the mobility of elements via weathering ionic solutions. One

group of factors is related to the overall physical properties of the "weathering system,"

i.e., of the hydrologic system and the host mineral assemblage. For example, the flow rate

of solution through a permeable system is determined by Darcy's Law:

k -0- uu = _ T.; (pg + vP) v 
_ 
- f5-(5

where u= fluid flux vector (g/cm2/sec)

it= true fluid velocity (cm/sec)

6= gravity force vector (cm/sec2)
k = permeability of the rock assemblage (cm2)

= viscosity of the fluid (cm2/sec)

p= density of the fluid (g/cm3)

P = pressure (bars)

0 = porosity of rock.

Clearly, then, the water flow depends on gravity and the pressure gradient at the given

locality (a property of the hydrologic system as a whole) as well as on the porosity and

permeability of the rock assemblage in the locality, and the density and viscosity of the

fluid.

The hydrodynamic equations, which incorporate Darcy's Law, allow us to calculate the

hydrodynamic mobility of a given cation or anion in solution from its original location

within a given mineral of the weathered rock to its place of deposition such as a sedimen-

tary deposit, rivers, oceans or the biosphere. We can obtain absolute flux rates for a

given ion (i.e., moles/cm2/sec), however, only if we know its concentration in the perco-

lating solution.

The magnitude of the concentration of a given element in a solution that is in contact

with a weathering mineral assemblage is the central element used in establishing the intrin-

sic stability of a particular nuclear waste element-containing mineral to alteration and

weathering. This concentration is generally a function of time, since it is kinetically

controlled. Nevertheless, almost all geochemical work on the mobility of elements via solu-

tions has applied a thermodynamic and not a true kinetic approach. Whether true thermody-

namic equilibrium is reached between solution and a particular mineral depends, among other

things, on how long they are in contact (i.e., the flow rate); this concept often appears

as the ambiguous "water-rock ratio" in the literature. It seems likely that under most cir-

cumstances the concentration of an element in a weathering solution will be kinetically con-

trolled. Unfortunately, there is a dire need for suitable kinetic data. The kinetic

factors involved in the time dependence of the concentration, which may keep the concentra-

tion we11 below the thermodynamic limit, will be discussed below.



P.3

One can usually establish only an upper limit to the concentration of a given element

by the use of thermodynamics. Assuming equilibrium between minerals and solution, the con-

centration of any particular nuclear waste element will then be governed by the solubility

of the minerals containing it.

Before discussing the thermodynamic approach to stability, a brief review of the gen-

eral qualitative work on weathering stability in the literature is presented. Soil geochem-

ists have set up a qualitative scale of the different inherent tendencies of minerals to

alter by weathering processes. The weathering rate depends on the structure and composition

of the minerals, as well as the weathering environment. Goldich (1938) formulated such a

weathering stability series for the major elements. He found that the major elements are

removed from rocks and minerals in the order:

Ca
+2 

> Na
+ 

> Mg++ > K+ > Si02 > Fe203 > A1203.

Loughnan (1969) gives a similar result (see Table P.1.1).

Much less is known about the relative mobilities of the trace elements (lanthanides,

actinides, and others). Jackson and his colleagues (Jackson et al. 1948, 1952, Jackson and

Sherman 1953) set up a weathering sequence of clay-size minerals in soils and sedimentary

deposits (see Table P.1.2). Pettijohn (1941) compared the frequency of occurrence of each

species in recent and older sediments and established an order of persistence, which is in

agreement with the Goldich series (see Table P.1.3).

TABLE P.1.1 Mobilities of the Common Cations

1. Ca++, Mg++, Nat-readily lost under leaching conditions.

2. K
+
--readily lost under leaching conditions but rate may be retarded through

fixation in the illite structure.

3. Fe
4-+

--rate of loss dependent on the redox potential and degree of ieaching.

4. Si4+--slowly lost under leaching conditions.

5. Ti4+--may show limited mobility if released from the parent mineral as
Ti(OH)4; if Ti02 forms, immobile.

6. Fe3+--immobile under oxidizing conditions.

7. A13-1---immobile in the pH range of 4.9 to 9.5.

Although still poorly understood, structure must play an important part in the accessi-

bility of waters to the soluble cations. Thus, orthosilicates, e.g., olivine, weather much

faster than framework silicates, e.g., feldspars and quartz. However, zircon, also an

orthosilicate, is highly resistant to weathering, which indicates that resistance to weath-

ering cannot be based solely on such a simple structural division of the silicates.

The qualitative lists of minerals in Tables P.1.2 and P.1.3 should be quantitatively

understood in terms of both thermodynamics (i.e., solubility data) and kinetics (i.e.,

leaching rates). The solubility and hence the thermodynamic stability of a particular
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TABLE P.1.2. Weathering Sequence of CJay-Size Minerals in Soils
and Sedimentary Deposits(a)

Weathering Stage Clay-Size Mineral Occurring at Various Stages
and Symbol of the Weathering Sequence 

1, Gp Gypsum (also halite, etc.)

2, Ct Calcite (also dolomite, aragonite, etc.)

3, Hr Olivine-hornblende (also diopside, etc.)

4, Bt Biotite (also glauconite, chlorite, antigorite, etc.)

5, Ab Albite (also anorthite, microcline, stilbite, etc.)

6, Qtz Quartz (also cristobalite, etc.)

7, Il Illite (also muscovite, sericite, etc.)

8, X Hydrous Mica - Intermediates

9, Mt Montmorillonite (also beidellite, etc.)

10, Kl Kaolinite (also halloysite, etc.)

11, Gb Gibbsite (also boehmite, etc.)

12, Hm Hematite (also goethite, limonite, etc.)

13, An Anatase (also rutile, ilmenite, corundum, etc.)

(a) After Jackson et al. (1948).

TABLE P.1.3. Persistence Order of Minerals(a,b)

-3. Anatase 11. Epidote

-2. MUSCOVITE 12. HORNBLENDE

-1. Rutile 13. Andalusite

1. Zircon 14. Topaz

2. Tourmaline 15. Sphene

3. Monazite 16. Zoisite

4. Garnet 17. AUGITE

5. BIOTITE 18. Sillimanite

6. Apatite 19. Hypersthene

7. Ilmenite 20. Diopside

8. Magnetite 21. Actinolite

9. Staurolite 22. OLIVINE

10. Kyanite

(a) After Pettijohn (1941).
(b) Capitals signify common minerals

listed in the Goldrich sequence.

mineral in a weathering solution depend on many environmental factors such as pH, Eh, com-

plexing agents, temperature, fixation/adsorption, ion exchange and ionic strength. These

factors are explained briefly below.
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• 21.11. Most minerals are leached faster and have higher solubilities in acid environ-

ments. The natural range of possible weathering solutions is pH = 4 to 10. One of the

earliest steps in the chemical weathering of a mineral is the exchange of the small and

mobile H+ ion for a cation on the mineral surface, with subsequent disruptions of

the structure (Loughnan 1969). Obviously, low pH solutions can accomplish this

more effectively.

• Eh. For ions that can exist in several valence states (e.g., U+4 and U+6) Eh is

very important in determining their solubility. The Eh of natural solutions in

contact with the atmosphere is '1,600 mv. Subsurface solutions can have an Eh range

of -400 mv to +400 mv, with the more reducing (low Eh) conditions found in alka-

line environments (Garrels and Christ 1965). For example, a mineral with very low

solubility, such as uraninite (UO2), requires a low Eh for stability to weather-

ing (i.e., Eh < +200 mv if pH = 6, Eh < 0 mv if pH = 8) (Langmuir 1978).

• Complexing. The formation of complexes has long been recognized as essential in

explaining the transport of metals required to form ore deposits. The same must

be investigated for the cations of the nuclear waste elements, since complexing

can increase the solubility of an element by several orders of magnitude. At

lower temperatures (<200°C), we expect carbonates, phosphate, sulfate/sulfide and

organic complexes to be important.

• Temperature: The solubility of various minerals can change significantly with

temperature. Temperatures in the vicinity of synthetic minerals containing heat

producers (90Sr, 137Cs, Actinides) could rise up to several hundred degrees above

ambient.

• Adsorption. The ability of ions, such as le, to adsorb strongly to clays and

other minerals, retards their mobility and limits their concentration in solution,

following leaching of the ions. This may be important, for example, in the case

of uranium, which adsorbs strongly to Mn-oxides, Fe-oxides and hydroxides.

• Cation Exchange. An important consideration in establishing the stability of a

given nuclear waste element-containing mineral to the leaching of such elements,

is the ability of that mineral to exchange the troublesome nuclear waste element

for another ion in solution. Thus, le may be exchanged for Cs+, or Cl- may be

exchanged for I-. On the other hand, ion exchange of the radionuclide with clays

and other minerals can also retard the mobility of the radionuclide in solution.

Rai and Lindsey (1975) applied simple solubility calculations to deduce the relation

between log am and log aH sio at given values of pH, T, and solution compositions (e.g.,

aCa' amg, etc.) for 
severai aliminosilicates. At a given value of aH sio the minerals with

4 4
the lowest aAl3+ were most stable. Using values of aH sio typical or soil waters

(aH4SiO4 
n,10-3'

2 m) they obtain the stability sequenci muicovite > microcline > low

albite > anorthite > analcine > pyroxene > K-glass (K-feldspar composition) > Na-glass

(albite composition); that is in agreement with Goldich's sequence. Likewise one can plot

regions of stability for various minerals on an Eh-pH diagram, as outlined by Garrels and

Christ (1965).
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P.1.1.2 Use of Geologic Data 

Because geologic time spans the lifetimes of the radionuclides of the critical ele-

ments, it is very logical to use nature as a laboratory and examine conditions of stability

of minerals that may contain the critical elements. In general one recognizes three main

geologic environments (igneous, sedimentary, and metamorphic) and asks which mineral phases

may exist in each environment and what happens to a mineral grain as it sees a change in its

environment. Minerals of the igneous environment see extreme temperatures (and pressures)

such that they have crystallized from a melt or a fluid derived from a melt (pegmatites and

hydrothermal deposits). The sedimentary environment includes the effect of exposure to the

atmosphere and running water and the physical effects of separation and movement of mineral

grains. The metamorphic environment involves changing pressure, temperature and pore fluid

conditions inducing mineral changes in situ.

As one identifies mineral species that may be potential repository compounds, a test

of their stability is to determine the geologic environments under which they can endure.

If any modifications in the mineral phase do occur, then the time frame of the modifications

can also be deduced. The best test of a mineral's stability is to determine the range of

changes through which it can exist.

Many of the minerals that are potentially interesting host phases form initially in the

igneous environment. Feldspars, feldspathoids and micas crystallize directly from the melt.

Many others are pegmatitic in origin, especially those containing rare earth elements (REE).

This information implies conditions that may be necessary to form the phase desired. It may

no.t be the only condition under which the compound will form.

After the compound has formed, the question of what happens to it as the conditions

change may be answered. Because stability is the main question, one asks what phase may

endure weathering and erosion unchanged, and what new phases are formed if changes do occur.

Many minerals survive the rigors of weathering and erosion and these are ultimately col-

lected in detrital deposits. When the detrital deposit has an economic value it is called

a placer. These minerals are usually of high density and chemical resistance. Other min-

erals, called detrital-heavy minerals, may not survive the entire erosion cycle but persist

for quite some time. Detrital-heavy minerals may last sufficiently long to allow included

radionuclides sufficient time to decay. Therefore, it is useful to identify the placer min-

erals and other detrital-heavy minerals.

The Placer Minerals 

Table P.1.4 identifies the minerals that have been recognized in placer deposits.

These minerals are characterized by high densities and chemical and physical resistance.

All the noble metals--platinum, iridium, palladium, gold--are known to occur as placer min-

erals. Many oxides containing lanthanides as well as carbonates, phosphates, tungstates
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TABLE P.1.4 Placer Minerals(a)

Element minerals

Platnium, Osmium, Palladium, Iridium, Platiniridium Iridosmine, Osmiridium, Ferropla-

tinum, Gold, Electrum, Silver, Diamond

Oxide minerals

Tantalite, FeTa206; Thoreaulite, ThTi206; Cassiterite, Sn02; Samarskite, YNb206; Bad-

deleyite, Zr02; Euxenite, YNb206; Chromite, FeCr204; Magnetite, Fe304; Columbite,

FeNb206; Polycrase, YTi206; Aeschynite, YT1206; Loparite, CeTi206; Ilmenorutile

(Ti,Nb)306; Ilmenite, FeTiO3; Zirkelite, CaZti207; Pyrochlore, Ca2Nb2060H; Rutile,

Ti02; Brookite, Ti02; Anatase, Ti02; Corundum, A1203; Spinel, MgA1204; Quartz, Si02

Tungstate minerals

Ferberite, FeW04; Wolframite, (Fe,Mn)W04;

Phosphates

Monazite, CePO4; Xenotime, YPO4

Carbonates

Bastnaesite, CeCO3F; Parisite, Ce2Ca(CO3)3F2

Silicates

Thorite, ThSiO4;

Be2SiO4

Hubnerite, MnW04; Scheelite, CaW04

Zircon, ZrSiO4; Garnet, (Fe,Mg)3Al2Si30/2; Topaz, Al2 SiO4 F2' • Phenakite,

a. Simplified formulae are given. Actual
solution substitutions.

and silicates are known placer minerals and

phases. Some low density minerals, such as

also occur in placers.

minerals usually contain many additional solid

therefore are potential lanthanide and actinide

quartz, spinel, garnet, corundum and diamond

Other minerals might be on this list of placer minerals under special conditions. If

the sedimentary conditions are more reducing than usually occurs in nature, uraninite and

many sulfide minerals may survive. This possiblity is evidenced by the placers of

Witwatersrand District of Africa, which formed in the reducing environments of the

Pre-Cambrian.

Detrital Minerals 

A great many minerals survive long distances of transport in stream beds, although the

final fraction of that mineral is often much lower than in the source area. These minerals

are listed in Table P.1.5. The rate of degradation of some of these minerals may be suffi-

ciently slow to allow that phase to be a host for radionuclides. Minerals such as apatite,

barite, allanite and titanite are particularly interesting. Apatite and allanite contain

significant amounts of lanthanides and actinides. Strontium varieties of apatite also

occur.
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TABLE P.1.5. Detrital Minerals(a)

Elements

Lead

Oxide minerals

Hematite, Fe203; Uraninite, UO2; Uranothorite, (U,Th))2; Leucoxene, Ti oxide-hydroxide

Sulfide minerals

Cinnabar, HgS; Pyrite, FeS2; Marcasite, FeS2; Chalcopyrite, CuFeS2; Arsenopyrite,

FeAsS2; Pyrrhotite, Fel _xS; Molybdenite, MoS2; Cobaltite, CoAsS2; Dyscrasite, Ag3Sb;

Michenerite

PdBiTe; Geversite, PtSb2; Glaucodot, CoAsS; Moncheite, PtTe

Sulfate minerals

Barite, BaSO4

Phosphate minerals

Apatite, Ca5(PO4)3F

Silicate minerals

Actinolite, Ca2(Fe,Mg)5Si8022(OH)2; Andalusite, Al2Si05; Biotite, K(Fe,Mg)3A1Si3010(OH)2;

Chlorite, (Mg,Fe)6(A1,Si)4010(OH)8; Chloritoid, (Fe,Mg) A14Si2010; Hornblende,

Ca2(Fe,Mg,A1)012Si6022(OH)2; Hypersthene, (Mg,Fe)Sio3: Kyanite, Al2Si05; Olivine,

(Mg,Fe)2SiO4; Allanite, Ce2Al2FeSi3011(OH); Sillimanite, Al2Si05; Staurolite,

Fe2A19Si40230H; Titanite, CaTiSi05; Tourmaline, Na(Mg,Fe)3 A16(B03)3S16018(OH)4;

Zoisite, Ca3Al2S130110(OH); Gadolinite, Be2Y2FeSi2FeSi2010

(a) Simplified formulae are given. Actual minerals usually contain many additional solid
solution substitutions.

Mineral Associations 

In addition to defining regions of stability for specific mineral phases, geologic evi-

dence indicates which phases may occur together in an equilibrium assemblage. These mineral

associations are good indicators of compatible phases. The pegmatite environment contains

many of the minerals of interest. Rare earth phosphates, rare earth oxides and rare earth

carbonates which are good hosts for the lanthanides and actinides, coexist with a variety

of complex silicates, which may host other critical elements. These in -turn coexist with

some of the common silicates, which may be more appropriate hosts for "Sr and 137Cs.

P.1.2 Kinetic Factors 

Often the concentration of an element in solution is not determined by thermodynamic

solubility data but by the kinetics of water-rock interactions. Data on this part of the

stability criteria are most urgently needed. We outline here the principal factors that

indicate the kinetic stability of various minerals.
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as a waste element fixation mechanism, because the mineral's stability may be better con-

trolled by the host composition. In other words, the waste ion would be sufficiently dilute

in the host structure that it does not substantially modify the stability of that host.

Isostructural Compounds 

Crystals that allow solid solution necessarily have the same crystal structure for the

end members. Compounds with the same structure may show no or very limited solid solu-

bility, usually because of marked size differences of the ions involved. Such isostructural

groups may have similar stability properties. Thus it may be useful to identify families

of compounds with certain structural properties that may predict the existence of a stable

compound of a particular waste element. Calcium compounds, for example, may indicate pos-

sible strontium compounds. Bromides and chloride compounds may indicate possible iodide

compounds. Several isostructural possiblities are identified below.

P.1.4 Synthesis 

Preparation of synthetic minerals requires that the desired elements from the waste

streams be mixed with other materials. The mixture is then reacted to form the synthetic

mineral. Considered here are the problems that may arise in the processing of nuclear

wastes into synthetic minerals.

The purity of the partitioned waste stream will determine whether side reactions will

lead to additional phases in the synthetic mineral assemblage. The controlling factors will

be the ionic size and the ionic charge of the additional cations present. Ions whose size

and charge are similar to those of the element being packaged will dissolve into the synthe-

tic mineral as a minor solid solution. Many of the mineral phases are very "forgiving";

that is, they will accept many elements into solid solution at least in small amounts. If

there is a large size or charge mismatch, the impurity elements in the waste stream will

react to form secondary minerals of their own. Whether this is detrimental to the proces-

sing will have to be evaluated in individual cases.

Three general methods of reaction are in common use among geochemists for the synthesis

of minerals: calcination, solid state reaction, and hydrothermal reaction. In each method,

it is necessary to mix the waste elements with the other components in the right proportions

to form the minerals. Many minerals are nearly stoichiometric, that is the components must

be mixed in exactly the proportions called for in the mineral formula. If this is not done,

some components will be left over to form additional phases. The stoichiometry of minerals

that form solid solutions is not quite so critical.

Mineral synthesis by calcination involves these steps:

• taking each component into solution (for example, as the nitrates)

• mixing the solutions in correct proportions using volumetric methods

• precipitating the solution as a gel, spray drying, or by another method forming a

calcine (a highly reactive fine-grained, often poorly-crystallized powder)
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Using Table P.1.6 as a guide, one can see that Cs
+1 is large and most like K+1 and pos-

sibly Ba
+2. There is only one mineral in which Cs is essential, and that is pollucite

(Cs2Al2Si4012 • nH2O), a member of the analcime (Na2Al2Si4012 • nH2O) family of minerals.

The fact that it is acting in the role of Na+1 suggests that other Na+1 and K+1 phases may

act as hosts for Cs
+1. Other possible examples include the feldspars (K,Na,Ca) Si)408,

feldspathoids, (K,Na,Ca) (A1,Si20304_6, zeolite, (K, Na, Ca) A1, Si)m02m • nH2O and micas,

(K,Na,Ca)2(A1,Mg,Fe)4_6(A1,S08020(OH)4. Traces of cesium are known to occur in each of

these minerals.

The next element, Sr+2, is found in many compounds in nature. Often it shows substitu-

tional relations with Ba+2 and sometimes with Ca+2 It may also occur in many of the same

phases as indicated for Cs+l above.

Iodine exists in nature both as I- in two compounds and as 103  in several other

phases. Its crystal chemistry is similar to the halogens; it behaves most similarly to Br-

and possibly Cl-, although the radii are markedly different. Very few synthetic iodine com-

pounds have bromine of chlorine isostructural counterparts. Ways to tie iodine up in the

crystalline state are discussed later.

Technetium is chemically most similar to manganese and rhenium. There are no known

technetium compounds in nature, and there is little knowledge of its crystal chemistry. It

is discussed separately below.

The rare earth elements are all very similar in ionic size, although the heavier ones

are small enough to cause them to form different series of compounds in some instances from

the larger ones. For example, the large lanthanides behave similarly to Ce+3 and commonly

substitute for it. The smaller lanthanides tend to substitute for Y
+3
. Rare earths are

also known to substitute for Th
+4 and Zr+4 in many of their minerals.

The actinides show some similarities in size and commonly follow Y+3, Th+4, Zr+4, U+4

and Ce+4. There are enough differences between uranium chemistry and actinide chemistry to

make casual geochemical reasoning suspect and specific research is needed. Uranium readily

oxidizes in nature and is commonly found as U+6 uranates and as uranyl, U0+2. Plutonyl and

Neptonyl can be made and may substitute for uranyl.

Crystalline Sollutions 

Because of the ease of substitution of ions for other similar ions, it is common for

solid solutions to occur. A solid solution is a compound in the crystalline state in which

one or more ions have replaced other similar ions in the crystal structure without disrup-

ting the atomic arrangement. Substitutions may be complete (e.g., Fe-Mg in olivine (Mg,

Fe)2SiO4), or limited, (e.g., K-Na in nepheline (Na,K) AlSiO4) between two end member

compositions.

Natural compounds are rarely pure end members, as solid solution is very common in

minerals. Some minerals may have several substitutions and thus extreme variability in

chemical compositions occurs. The amphibole family, which has four different sites that

allow substitution, is an extreme example. Partial solid solution may actually be desirable
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P.1.2.1 Leaching rate 

If the leaching is surface-controlled, the rate at which a cation is leached from a

mineral depends on: 1) the reactive specific surface area of the mineral and the solution;

2) the concentrations of the species or ions involved in the transition state of the rate-

determing step for surface reaction; 3) the free energy of activation of the activated com-

plex; and 4) the temperature of the solution-rock system. The effects of pH, Eh and com-

plexes enter via their effect on the numbers in 2). The role of temperature in kinetic

processes is much more prominent than its role in solubility calculations, due to the high

activation energies (10 to 100 Kcal/mole) often encountered. Thus it is crucial to measure

accurately the activation energies for the important leaching rates.

Leaching rates can also be controlled by the rate of transport (i.e., diffusion) of

leached cations from the weathering mineral-solution interface to the bulk of the solution.

In this case, temperature will play a much more minor role, since diffusion activation

energies are '1,4 to 5 Kcal/mole in electrolyte solutions. Experiments should decide which

mechanism is operative for each mineral (e.g., feldspars and calcite seem to weather accord-

ing to the surface-controlled mechanism, while olivine dissolves by a diffusion-controlled

mechanism). The leaching rate may sometimes be severely limited by inhibitors. These inhi-

[I

bitors could be organic substances or ions such as PDX-, which deactivate the active

sites on a surface (e.g., such as the effect of [PO4 3- on calcite dissolution). A

protective coating may sometimes also form on the surface of the weathering mineral. A11

these factors add to the kinetic stability of a mineral.

Neither data on leaching rates of relevant minerals nor an understanding on their

mechanisms are now available. This gap certainly needs to be filled. The theoretical

framework to understand the kinetics of leaching or dissolution is developed to a reasonable

degree (Nielsen 1964, Hofmann et al. 1974); however, application to relevant geologic mate-

rials is needed.

P.1.3 Crystal Chemical Criteria

P.1.3.1 Element Substitution 

In establishing which minerals are appropriate to contain the relevant nuclear waste

elements, one may use minerals that are known to contain the element or elements of interest

and satisfy the stability criteria. Many such examples will be identified, particularly for

Sr, lanthanides, and U. However, elements such Cs, I, actinides, and Tc are so rare in

nature that few known minerals contain them as essential elements. One can then use the

principles of crystal chemistry to predict the formation of mineral-like phases that will

contain the elements in question or mineral phases into which significant quantities may be

incorporated in solid solution.

The critical elements all behave essentially like ions in their compounds, so one can

use the principles of element substitution in ionic compounds as criteria for predicting
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appropriate host phases. The main criteria are similarity of chemical parameters, particu-

larly the ionic radius and the charge. Other parameters such as polarizability and

d-orbital interactions will have a lesser effect in determining the amount of substitution.

Thus one can use a table of ionic radii to predict possible substitutions, remembering that

charge balance must be maintained by a coupled substitution of another element whenever

necessary.

P.1.3.2 Ionic Radii 

Table P.1.6 lists the ionic radii of the important nuclear waste elements and of the

elements present in minerals which are most likely to be substituted. Usually, complete

substitution may occur if the ionic radii differ by no more than 15%. Limited substitution

may occur if the radii difference is larger, or a new compound may be induced to form. This

compound may be isostructural with the host phase or may have a distinctly different struc-

ture. If the phase is isostructural, then stability properties of the new phase may be

similar to that of the host, or certainly be close enough to warrant further investigation.

TABLE P.1.6 Selected Ionic Radii(a)

Ion CN(b) Ionic Radius (A) Ion CN Ionic Radius (A)

Cs+ X 1.81 1+Na VI 1.02

Sr2+ VIII 1.25 IX 1.32

I1- VI 2.20 K1+ VI 1.38

I5+ VI 0.95 IX 1.55

Tc4+ VI 0.65 Ca2+ VI 1.00

Tc7+ VI 0.56 VIII 1.12

La3+ VIII 1.16 Ba2+ VI 1.36

VIII 1.42

Dy3+ VIII 1.03 C11- VI 1.81

Ce4+ VIII 0.97 Br1- VI 1.96

U4+ VIII 1.00 Y3+ VIII 1.02

U6+ II 0.45 Zr4+ VIII 0.84

Np4+ VIII 0.98 Ti4+ VI 0.61

Pu
3+

VI 1.00 Th4+ VIII 1.04

Pu4+ VIII 0.96 Mn3+(HS)(c) VI 0.65

Am3+ VI 1.00 Fe3+(HS) VI 0.65

Am4+ VIII 0.95 Cr3+ VI 0.62

Cm3+ VI 0.98 Ce3+ VIII 1.11

(a) After Shannon and Prewitt (1969).
(b) CN = coordination number.
(c) HS = high spin.
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• firing the calcine, at temperatures of typically 900° to 1400°C (temperatures

depend on the mineral being synthesized) to form the final well-crystallized

mineral phase.

The first step is not discussed here since the partitioned wastes are in nitrate solution.

Calcination can be carried out using the types of spray calciners that have already under-

gone considerable development and testing for the solidification of radioactive wastes. No

new technology is involved to adapt these devices to synthetic minerals and the expected

difficulties are those of remote handling and metering of the solutions and of calciner

operation. Firing the calcine to form the final crystalline product in general will require

temperatures that can be reached in base metal furnaces or gas-fired kilns.

Mineral synthesis by direct solid-state reaction is done as the name implies. The

radioactive waste and the other components needed to construct the mineral phase are mixed

as solids. The solid must be intimately mixed, ground, and compacted before reaction.

Reaction temperatures are higher and reaction times are longer because the components are

crystalline solids and transport can only take place by diffusion. The main difficulty

expected here is the maintenance of equipment at the high firing temperatures. There may

be more problems with furnace burn-out and breakage or fluxing of refractories. Rare earth

and actinide oxides, for example, tend to be very refractory and will require high reaction

temperatures if this method is employed.

Hydrothermal synthesis is the technique of reacting materials using high pressure, high

temperature water as both a solvent and as a catalyst. It has the tremendous advantage of

causing reaction between poorly reactive substances at modest temperatures (200° to 800°C is

the experimental range) but it has the important difficulty of requiring reaction at high

pressure (hundreds of thousands of atmospheres). To this must be added the difficulties

associated with assembling and disassembling the pressure vessel by remote handling. Hydro-

thermal synthesis is not suited to large scale processing. About the only commercial

process that uses hydrothermal synthesis on a large scale is the growth of quartz crystals

for the electronics industry. This is a batch process and inherent limitations of pressure

vessels require that the batches be fairly small. Commercial quartz-growth vessels are

2 to 3 m high and 0.3 to 0.5 m in diameter.
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P.2 DISCUSSION OF MINERAL GROUPS

P.2.1 Silicate Minerals 

Silica, Si02, makes up over 60% of the earth's crust, and alumina, A1203, makes up

another 15%. It is not surprising that these elements dominate the rock-forming minerals.

About half of the known mineral species are alumino-silicates, most of which are composed

of one or more of the other eleven most abundant elements in the earth's crust. Feldspar

alone makes up 58% of the earth's crust. Because of the abundance of these silicate min-

erals and their occurrence in a wide variety of rocks, one naturally asks if any of them

might be potential radionuclide hosts. Detailed chemical and crystallographic data on most

of the silicate minerals have been compiled by Deer, Howie, and Zussman (1962).

The suitability of silicates as hosts depends specifically on the ability of the radio-

nuclide to substitute in solid solution for one of the essential ions of the compound. This

is especially true for the common rock-forming silicates. We examine each of the major

groups of silicate minerals and consider the general principles of crystal chemistry that

might elucidate any ionic substitutions of interest. We also consider some common families

of silicate minerals that may to have potential as repository minerals.

We can dismiss some groups quite easily. The silica (Si02) family of minerals is

usually rigidly stoichiometric, although substitutions of A1 for Si create a charge

imbalance; this is usually compensated for by Hstuffing" the framework with Na+, K+ or

Ca+. Cs+ and Sr+2 are too large to enter into these compounds. The olivine-related min-

erals, including the humite series, are structurally based on close packaging of oxygen

ions, and the largest ion that finds its way into these compounds is (Ca+2)VI at 1.00 A.
Only Tc+4 is small enough to fit comfortably, but it is too highly charged. The lanthanide

and actinide elements likewise are too highly charged.

P.2.1.1 Pyroxene Minerals 

The pyroxene group of minerals are a series of compounds with a general formula

XY(Si,A1)206, where X represents usually a mono- or di-valent ion with ionic radius in the

range 0.6 to 1.0 A. Examples are Nal-, Ca+2, Mn+2, Fe+2, Mg+2 and Li+. The Y cations are

di- or tri-valent ions with radii in the range of 0.5 to 0.8 A. Examples include Mn+2, Fe+2,

Mg+2, Fe+3, A1+3, Cr+3, and Ti
+4
. These small ranges in ionic size result from a structure

that is quite closOy packed in terms of the oxygen ions. Too much distortion from substi-

tution of larger ions usually breaks down the structure.

About the only critical element which might substitute in pyroxene would be Tel' with

an ionic radius of 0.6 A. The only other 4-valent ion that occurs in pyroxenes is Ti+4

(radius--0.605 A). Titanium rarely substitues in quantites greater than one percent by

weight, although in some of the titanaugites it may reach 3 to 5%.

The suitability of pyroxene as a technetium host require considerable research and, as

a host, pyroxenes are marginal. It is probable that ferrite-like phases will prove more

suitable hosts for technetium than any silicate.
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The reported rare earth content of any pyroxene is never greater than trace quantities,

and these are probably due to minute inclusions of other rare earth minerals.

Pyroxenes form easily in both dry and hydrothermal systems, and they are common reac-

tion products in many silicate experiments. In studies on the decomposition of nuclear

waste products in glass under mild hydrothermal conditions, pyroxene was a common end pro-

duct. Even with the presence of all radionuclides at moderate concentration levels, none

of them was detected in the pyroxene phase.

P.2.1.2 Amphibole Minerals 

The general formula of the amphibole minerals is W0_1X2Y5(Si2A1)8022(OH)2. The

X and Y sites are essentially identical with those so labeled in the pyroxene minerals. The

limits on ionic substitutions are the same also. The W site, which is not always occupied

in amphiboles, accepts low-charge cations in the ionic radius range 0.95x to 1.35x A. These

are usually only Na+ and K+, and no other ions are known as substitutes. Amphiboles have

sometimes been called "nature's waste-baskets" because the W, X and Y sites can accept so

many elements, but the structures are not suitable for any of the critical radionuclides

except possibly Tc
+4
. The remarks concerning Tc+4 are the same as for the pyroxenes dis-

cussed above.

The synthesis of amphiboles is not favorable for them to be considered as potential

repository phases. Because the minerals are hydrous, water pressures must be maintained

during the synthesis. This, in turn, requires that hydrothermal methods be used. Volcanic

rocks rarely contain amphiboles because the water leaves the lava when it reaches the sur-

face. Amphiboles that survive are usually formed in the magma chamber before eruption.

P.2.1.3 Epidote Minerals 

The compositional formula for the epidote minerals is X2Y3Z3(0,0H,F)13 in which

X= Ca, Ce3+, La3+, Y3+, Th, Fe2+, Mn2+, Mn3+

Y= A1, Fell-, Mn3+, Fe2+, Ti

Z = Si, Be.

The compositions of epidote minerals that occur commonly are:

zoisite/clinozoisite Ca2A13Si3012(OH);

epidote Ca
2
FeAl

2Si3012(OH)

piemonite Ca2(Mn,Fem,A1)3Si3012(OH)

allanite (Ca,Ce,La,Y)2(Mn,Fe+2,Fe+3,A1)3Si3012(OH)

Allanite is resistant to weathering and appears as a detrital mineral.

The large X-cation site in epidote is suitable for incorporating 90Sr, rare earths,

and possibly actinides in synthetic analogs of allanite. However, epidote is not suitable

as a nuclear waste host because of the difficulty in synthesizing the mineral. A11 of the

epidote minerals are stable at low temperatures and modest to high pressure. At high tem-

perature (greater than 600 to 700°C) the epidotes dissociate according to the reaction
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4Ca2
A1
3Si3012(OH) 

5CaAl
2Si208 + CaSiO3 + Ca2

Al
2
SiO

7 
+ 2H

2
0
'

zoisite anorthite wollastonite gehlenite

Epidote appears readily on a laboratory time scale only at pressures in excess of

3 kilobars and temperatures in the range of 600°C (Deer, Howie, and Zussman 1962). Success-

ful synthesis at atmospheric pressure by calcination or related techniques does not appear

likely.

P.2.1.4 Garnet Minerals 

The garnets are orthosilicates with the general formula

X3Y2Si3012

where X = Mg, Fe2+ or Ca; Y = A1, Fe3+ or Cr3+.

Although the garnets are dense and close-packed structures, the 8-coordinated X-cation

site will accept large ions; Sr-substituted grossular (Ca3Al2S13012) may fit there. How-

ever, grossular is best synthesized at temperatures in the range of 800°C under hydrothermal

conditions with a water pressure of 2 kilobars. Attempts at lower pressure synthesis lead

to a hydro-garnet, in which OH is substituted for the oxygen, or to mixtures of calcium sil-

icates. In general, garnets are high-pressure phases in nature where they occur in metamor-

phic rocks. Once formed, the garnets are resistant to weathering and appear as detrital

minerals.

P.2.1.5 Calcium Silicate Minerals 

Possible candidates among the calicum silicate minerals are limited, partly because of

the hydraulic nature of the anhydrous di- and tri-calcium silicates and partly because of

the poor resistance of the hydrated phases to mechanical degradation and their high reacti-

vity under quite mild hydrothermal conditions. As with the pyroxenes to which they are

related, the structures of possibly useful calcium silicate phases tend to be close-packed

with limited possibilities for isomorphous replacement or crystalline solution (at least in

the pure phases). Wollastonite (CaSiO3) and rankinite (Ca3Si307) appear the only serious

contenders in the group. Both form from oxides at 1200 C and represent the end members of

dehydration for hydrated calcium silicate phases. They show little reactivity at lower tem-

peratures; in particular, neither is hydraulic. Strontium can replace calcium in both, mak-

ing them possible hosts for that cation.

Possibly of more potential use are compounds closely related to the calcium silicates

1

but with off-stochiometric composition. Bustamite [(Ca,Mn,Fe)SiO3 and rhodonite

[(Mn,Cu)SiO3], formally allied to wollastonite, have more "open" s ructures than wollasto-

nite and may be able to accommodate a larger range of foreign ions in substitution. Synthe-

sis and stability of these phases are similar to wollastonite.
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Although the pure di-calcium silicates must be ruled out, appreciable amounts of

lanthanide solution occurs and stabilizes the non-hydraulic, Y-Ca2Sio04 form. This phase

may act as strontium and a lanthanide host, but studies are needed to define solubility

limits and the stability of material.

Recently, Scott (1976) described the crystal structure of a hydrated potassium-calcium

silicate, miserite [KCa5(Si8022)(OH)F1, which appears capable of incorporating a wide vari-

ety of cations into a vacant site and "locking" them there. The mineral occurs with aegi-

rine and orthoclase, sometimes with wollastonite; it appears to be geologically stable and

a potentially useful host for a wide range of cations if some way to incorporate them into

structure can be found. Studies of the synthesis and stability of miserite could prove

fruitful.

P.2.1.6 Layer Silicate Minerals 

The layer silicate minerals include the micas, the clays and the chlorite families.

The mica family has the general formula W0_1Y2_3(Si2A1)40/0(OH)2 where W and Y have the same

meaning as in the pyroxene and amphibole discussion. The same range of ionic substitutions

occurs as in the amphiboles and pyroxenes. Fluorine and less commonly Cl- and S2  may sub-

stitute for the (OH). Biotite is commonly reported from granites and pegmatites, which con-

tain traces of rare earth elements, but these traces can usually be attributed to xenotime

(Y...)P04 
inclusions rather than to being incorporated into the mica structure directly.

The remarks also pertain to the other groups of layer silicates as far as ionic substi-

tutions are concerned. Because chlorites and clays may have layer units with residual elec-

tronic charges, some ions may be adsorbed on the surfaces. Interlayer ions may be easily

exchanged. The permanence of these attachments, however, is poor and the materials cannot

be considered potential repository phases.

P.2.1.7 The Melilite Minerals 

The common melilites are a solid solution

Ca2MgSi207 - Ca2Al2Si07

akermanite gehlenite

in which magnesium is gradually replaced by aluminum. The entire series can be prepared

synthetically by dry-firing--that is, calcination techniques at temperatures in the range

of 1000 to 1200°C. The minerals as found in nature in high temperature, low pressure envi-

ronments and synthetically in slags are related materials. They appear to be stable under

ambient conditons. Strontium analogs can be made and this mineral series is a potential

host for 
90Sr.

P.2.1.8 Feldspar Minerals 

The feldspar minerals are the most abundant mineral group on the earth and a major con-

stituent of granite rocks, but they are remarkably simple in chemistry. They have the for-

mula (K,Na,Ca,Ba)1A11_2Si2_308 with almost no other chemical substitutions allowed. Boron
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and Fe
+3 

are known to substitue for A1, and Cs and Sr may substitute for the cation. A

SrAl2Si208 phase can be synthesized, which is analogous to BaAl2Si208, but the level of Sr

in natural feldspars is rarely 0.5 wt%. The level of Cs is never greater than 0.005 wt%.

Feldspars weather slowly to clay minerals under surface ambients but are very stable in

rocks.

P.2.1.9 Feldspathoid Minerals 

The feldspathoid minerals form when alkali-rich alumino.licate compositions have

insufficient Si0
2 

to form free quartz. The minerals usually coexist with feldspar, particu-

larly the one with the corresponding alkali ion. The important feldspathoids are nepheline,

(Na,K)4A14Si4016; leucite, KA1Si206; analcime, NaA1Si206 H20; soldalite, Na8A16Si6024C12,

and cancrinite (Na,K,Ca)6_8 (A1,Si)120
24(C1,So4

.,C0.3..)
1.5-2.0 

nH2O. Scapolite,
' 

(Na,Ca,K)4A13Ia1,Siyi6024(C1,SO4,CO3), may also be considered here because it resembles

sodalite and cancrinite in behavior although it is not formally considered a feldspathoid.

Nepheline is a stuffed derivative of tridymite (Si02) and can accept alkali ions in the

framework to charge compensate the A1 that substitutes for Si. The cages are just large

enough to accept K (ionic radius = 1.38 A) and actually prefer some Na (ionic

radius = 1.02 A) to relieve some of the strains on the framework linkages. To accept larger

cations such as Cs and Sr would be too much strain on the structure. Cs and Sr are gener-

ally not reported in any nepheline analyses.

Leucite and analcime have similar crystal structures with identical frameworks. The

cages are larger than in nepheline and Cs will substitute freely in the analcime to form the

only Cs mineral in nature. Pollucite, CsA1Si206 0.5H20, forms readily from its components,

and is the leading candidate as a repository phase for Cs (Komarnini et al. 1978). Consid-

erable study has already been made on pollucite for this purpose. The possiblity of a Sr

analog also exists, but it does not occur in nature.

Sodalite, cancrinite and scapolite may have two uses as potential waste minerals

although considerable research is needed to verify their potential. A11 three minerals may

have Cs and Sr analogs, where these elements substitute for Na, Ca, or K, as in leucite-

analcime. The framework cages are larger than in leucite and analcime, but because of this

increased size the alkali cations are easily exchanged and hence easily leachable. Another

interesting aspect of these structures is the trapping of large anions in the cages. A11

three minerals are known to have significant quantities of Cl, SO and CO= in the struc-

tural cages, and sodalite often has S. This behavior immediately suggests the possibility

of trapping I inside the cages. If the structure can be grown around the I before the

iodine volatilizes, it may be effectively caged because its radius (2.20 A) is considerably

larger than the cage -mening (1.40 A). Much research is needed on this potential.

P.2.1.10 Zeolite Minerals 

The zeolites are a large group of industrially important compounds, many of which exist

as minerals. Their properties have been surveyed by Breck (1959). They have
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aluminosilicate framework structures with larger cages and cage openings than do the felds-

pathoids, and all zeolites show exchange properties of the nonframework cations. This prop-

erty is undesirable in a repository compound unless the radionuclide can be stabilized in

the structure.

Both Cs and Sr zeolites have been synthesized, and one Sr zeolite occurs in nature, the

mineral brewsterite, SrAl2Si6016•5H20. It is found in volcanic basalts in gas cavities as a

very late-formed mineral.

Zeolites can be synthesized by gel and by hydrothermal methods. They contain consider-

able water, which helps keep the framework open and which can be driven off by heat. Some

structures collapse at relatively low temperatures, even as low as 100°C; but may retain

their structural integrity as high as 800°C. The exchangeability of the cation, however,

suggests that the zeolites in general will not desired cations for sufficient times under

various conditions to be effective repository compounds.

Rare earths have been exchanged in some of the zeolite phases. In particular the

faujasite series may be synthesized with a Ce:Ca ratio of 6:4 (Olsen et al. 1967). The

faujasites have one of the more open zeolite framework structures. Considerable research

is needed to determine the suitability of zeolite structures as waste repositories; they

cannot be dismissed summarily.

P.2.11 Borosilicate Minerals 

Because boron forms a very stable oxyanion, both as B03 and B04 coordination polyhedra,

many borosilicates are quite stable mineral structures. Beryllium as Be04 coordination

polyhedra also forms quite stable minerals with silicates. Many minerals of this type are

known to contain rare earth elements (REE) either as essential elements or in solid solution

to significant levels. Table P.2.1 lists the most important of these minerals. These min-

erals are considered possible repository phases.

The borosilicates and berylosilicates are primarily found in rare-earth bearing pegma-

tites, both granite and nepheline syenite types. The affinity for rare-earth elements is

indicated by their formation. The stability of these phases under repository conditions is

unknown. Considerable experinentation is needed to determine their suitability.

P.2.1.12 Zirconosilicate and Titanosilicate Minerals 

Interest in the zirconosilicate and titanosilicate minerals arises from the known sub-

stitution of rare-earth elements and actinides for both Ti and Zr. Usually, the quantities

are small. The known minerals are listed in Table P.2.2. Both the zirconosilicates and

titanosilicates are formed in pegnatite deposits. They are commonly associated with other

rare-earth bearing minerals. Evidence suggests that many of them may be quite resistant to

weathering and zircon and titanite are known to survive as heavy minerals in placer

deposits.
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TABLE P.2.1 

Borosilicates
Cappelenite

Danburite

Hellandite

Melanocerite

Stillwellite

Tadzhikite

Tourmaline

Tritomite

Tinzenite

Berylosilicates 

Aminoffite

Gadolinite

Semenovite

Tugtupite

Borosilicate and Berylosilicate Minerals

Formula
(Ba,Ca,Na)(Y,La)6B6Si13(0,0H)27

CaB2Si208
(Ca,Y)2(Si,B,A1)308.1-120

(Ce,Ca)5(Si,B)3012(OH,F).nH20

(Ce,La,Ca)BSi05

Ca3(Ce,Y)2(Ti,A1,Fe)B4Si4022

(Na,Ca)(Mg,Fe...)3A16(303)3(Si6018)(OH,F)4

(Ce,La,Y,Th)5(Si,B)3(0,0H,F)13

(Ca,Mn,Fe)3Al2BS14015(OH)

Formula

Ca2(Be,A1)Si207(OH).H20

Be2Y2FeSi2010
(Ca,Ce,La)12(Be,Si)8Si12040(0,0H,F)8.1120

Na4A1BeSi4012C1

TABLE P.2.2. Zirconosilicate and Titanosilicate Minerals

Zirconosilicates

Armstrongite

Bazirite

Catapleiite

Elpidite

Eudialyte

Hilairite

Lavenite

Lemoynite

Vlasovite

Wadeite

Zircon

Titanosilicates 

Batisite

Chevkinite

Ilmajokite

Joaquinite

Karnasurtite

Lamprophyllite

Mosandrite

Perrierite

Titanite

Tranguillityite

Tundrite

Formula

CaZrSi6015 2.5H20

BaZrSi309
Na2ZrSi309-2H20

Na2ZrSi6015.3H20

Na4(Ca,Ce,Fe)2ZrSi6017(OH,C1)2

Na2ZrSi309.3H20

(Na,Ca)3ZrSi207(0,0H,F)2

(Na,Ca)3Zr2Si10026-8H20

Na2ZrSi4011
K2ZrSi309
ZrSiO4

Formula

Na2BaTi2Si4014
(Ca,Ce,Th)4(Fe,Mg)2(Ti,Fe)3Si4022

(Na,Ba,Ce)10Ti5S114022(OH)44.nH20

Ba2NaCe2Fe(Ti,Nb)2Si8026(OH,F)

(Ce,La,Th)(Ti,Nb)(A1,Fe)(Si,P)207(OH)4.3H20

Na2(Sr,Ba)2Ti3(SiO4)4(OH,F)2

(Na,Ca,Ce)3TiSi208F

(Ca,Ce,Th)4(Mg,Fe)2(Ti,Fe)3Si

CaTiSiO5

22

Fe8(Zr,Y)2Ti3S13024

Na3(Ce,La)4(Ti,Nb)2(SiO4)2(CO3)304(OH).2H20
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The stability of this group of minerals under repository conditions deserves more

study. They may actually prove to accept Cs+l and Sr+2 in some of their structures for Ca,

Na, or Ba. One Sr phase, lamprophyllite, is known.

P.2.1.13 Rare-Earth Silicate Minerals 

A large number of minerals are essentially rare-earth silicates with or without other

essential elements. These compounds must all be considered potential repository phases for

both the lanthanides and actinides. Some of the phases have demonstrated stabilities, hav-

ing formed in granites or pegmatites and then survived the sedimentary cycle to be deposited

in Placers. Alanite is one exmple; it was discussed with the epidote minerals. Thorite,

huttonite, and cheralite are other examples.

Most of the minerals in Table P.2.3 are formed in pegmatites. The lanthanide (Ln)

families of Ln2Si207 and Ln2SiO5 phases are easy to prepare synthetically. Many of them

show severalstructural modifications, but they have high melting or decomposition tempera-

tures. Some of the minerals such as coffinite, USiO4, may be synthesized at 100°C. These

minerals form in sedimentary rocks from circulating ground waters.

TABLE P.2.3. Rare-Earth Silicate Minerals

Rare-Earth
Silicates Formula

Allanite (Ce,Ca,Y)2(Fe,A13)(SiO4)3(OH)

Ashcroftine KNaCaY2Si6012(OH)10-4H20

Britholite (Ca,Ce)5(SiO4,PO4)3(OH,F)

Cheralite (Ca,Ce,Th)(P,Si)04

Coffinite U(SiO4)1_x(OH)4x

Ekanite (Th,U)(Ca,Fe,Pb)2Si8020

Huttonite ThSiO
4

Iimorite Y5(SiO4)3(OH)3

Kainosite Ca2(Ce,Y)2Si4012(CO3).H20

Miserite K(Ca,Ce)4Si5013(OH)3

Nordite (La,Ce)(Sr,Ca)Na2(Na,Mn)(Zn,Mg)Si6017

Phosinaite H2Na3(Ca,Ce)SiO4PO4

Sazhinite Na3CeSi6015-6H20

Soddyite (UO2)5Si209.6H20

Thalenite Y2Si207
Thorite ThSiO

4
Thorosteenstrupine (Ca,Th,Mn)3Si4011F.6H20

Thörtveitite (Sc,Y)2Si207

Tombarthite Y4(Si,H4)4O12 _x(OH)4+2x

Tornebohmite (Ce,La)3Si208(OH)

Umbozerite Na3Sr4ThSi8(0,0H)24

Uranophane Ca(UO2)2(Si030H)2

Weeksite K2(UO2)2Si6015.4H20

Yttrialite (Y,Th)2Si207
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Again, these minerals require considerable research to define their suitability as

repository phases. Their long-time stability must be defined particularly under hydrother-

mal conditions.

P.2.2 Oxide Minerals 

P.2.2.1 Perovskite structure--ABO3 (CaTiO3
)

A = Ca, REE, Na, Th, U radius ,1,1.0 A
B = Ti, Nb, Ta, Fel*, Mg, Zr radius '‘,0.7 A
Knopite (Ca,Ce)(Fe,Ti)03

Dysanalyte (Ca,Ce,Na)(Ti,Nb,Fe)03

Loparite (Na,Ce,Ca)(Ti,Nb)03

Irinite (Na,Ce,Th)i_x(Ti,Nb)03_x(OH)x

Metaloparite (Ce,Ca)1_x(Ti,Nb)3_x(OH)2

Loparite, irinite and knopite are found as metamict minerals. Perovskite occurs as an

accessory mineral in basic igneous rocks, often in association with melilite, nepheline or

rare earth apatite, as well as in metamorphosed calcareous rocks in contact with basic igne-

ous rocks. The B ion is mostly Ti with a little Nb and Fe3+ in all the various minerals

above. The variety rich in rare earths, chiefly cerium, is knopite and is also high in

alkalis (Na), loparite, or its hydrate, metaloparite. Dysanalyte is high in Nb and irinite

is distinguished by its high thorium content.

Since Ca2+ is in 12-fold coordination in perovskite, it is replaced preferentially by

the large light lanthanides, i.e. La and Ce (rLa3+ = 1.15 A, rCe3+ = 1.11 A), rather than
the yttrium earths. Hydrothermal alteration of loparite leads to metaloparite with loss of

alkalis, assimilation of water and enrichment in the rare-earth elements (Vlasov 1966).

Thus it seems that loparite retains the REE in alteration. Loparite is also known to occur

as a placer deposit-forming mineral. Therefore, perovskite minerals are a possible host for

lanthanide and actinide elements.

We can calculate the conversion of perovskite to rutile by a weathering solution, i.e.

CaTiO
3 
+ 2H2+ + Ca2+ + H20 

+Ti0
2

K . 1018.14
298

Hence for pH = 6 aCa 2+ 
= 106.14m;

pH = 8 a
Ca
2+ = 102.14m.

Evidently the reaction, at equilibrium proceeds overwhelmingly to the right, which sug-

gests that loss of Ca (and maybe REE) would follow if equilibrium were maintained. However,

the kinetics of the above reaction may be slow, and more work is needed to determine the

leaching rate.

P.2.2.2 Pyrochlore--A2B206(O,F,OH) or (Ca,Na,Ce)2_x(Nb,Ti)206(OH,F)

The pyrochlores are also characteristic of basic rocks and alkali rock massifs

(nepheline-syenites, alkali syenites, albitized granites and carbonatites) and occur in
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close association with albite, zircon, apatite, sphene, biotite. Pyrochlore occurs in both

the metamict and crystalline state. It has quite a variety of names:

Pyrochlore (Na,Ca,U,Ce,Y)2_x(Nb,Ta,Ti)206(OH,F);

Betafite (U,Ca)2_x(Nb,Ti,Ta)206_x(OH)11.x, high Ti and U;

Zirconolite (CaZrTi207);

Microlite (Ca,Na)2Ta206(0,0H,F), high Ta;

Djalmaite (Ca,Na,U)2Ta206(0,0H,F), high U relative to microlite;

Obruchenite (Y,U,Ca)2_xNb206(OH), low Ti, high Y and U.

The differences among minerals reflect only the amounts of U, Ti, Ta, Y relative to

pyrochlore. Pyrochlore from carbonatites can have up to 4% Th02. Hydration of pyrochlore

leads to loss of mobile REE, Ca, Na and an increase in U (Vlasov 1966). Pyrochlore can have

up to 19% U
3
0
8 

and high Sr. Pyrochlore also occurs as a placer deposit-forming mineral.

P.2.2.3 B1226--Nb-Ti-Ta Oxides

Columbite Structure 

Columbite (Fe,Mn)(Nb,Ta)206 (tantalite). Columbite can have up to 3% REE, little U.

It is very abundant in acid rocks, e.g. (rarer) granite, granitic pegmatites, quartz

veins; occurs in association with biotite, albite, zircon. Columbite-tantalite is a placer

deposit-mineral and is insoluble in acids (Vlasov 1966). Furthermore, it is very resistant

to weathering and accumulates in deluvial, eluvial, and alluvial placers, resulting from the

weathering of columbite-bearing granite and pegmatite. In placers, it is associated with

cassiterite, zircon, ilmenite and rutile. Columbite may be a good candidate for hosting

lanthanide and actinide elements.

Euxenite Structure 

Euxenite-polycrase Y(Nb,Ti)2(0,0H)6--Y(Ti,Nb)2(0,0H)6

Delorenjite Y(Ta,Nb)2(0,0H)6

Fersmite (Ca,Ce)(Nb,Ti,Fe)2(0,0H,F)6

Thorium is in higher coordination in euxenite structures than in columbite structures.

Th, U, and Ca can replace Y up to several percent, U up to 16% UO2, Th up to 8% Th02.

Euxenites are widespread in granite pegmatites. Euxenite occurs as accessory mineral in

granites and is also found in small amounts in placers. It is associated with ilmenite,

monazite, xenotime, zircon, and garnet.

Fersmite is found in nepheline-syenite and carbonatite massifs in association with

columbite, apatite, calcite, fluorite. It is typical of rocks of intermediate composition

(for weathering and alteration see below).

Priorite Structure 

Priorite-Aeschynite (Ce,Nd,Th,Y)(Ti,Nb)206

Polymignite (Ca,Fe,Ce)(Zr,Ti,Nb0206

Sinicite (Ce,Nd,Th,U)(Ti,Nb0206, high U.
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Priorite differs from euxenite by having cerium REEs and a high content of thorium and

Zr (little U). The REE have the same coordination as in the euxenite structure. Aeschynite

occurs as an accessory in some deposits related to nepheline-syenite and alkali-syenite mas-

sifs in association with zircon, biotite, corundum, muscovite, sphene, and fluorite.

The weathering and alteration of the AB206 and A2B206(0,0H,F) REE-Nb-Ti-Ta complex

oxides can be handled in one group. These oxides have pervasive alteration with a usual

weathered crust surrounding fresher oxides (Ewing 1975a). The results of weathering are

leaching of the A-site cations (i.e., U, REE) and introduction of H20 or OH or 0' into the

oxide. The B cation remain basically unchanged (Ewing 1975a, Wambeke 1970).

In weathering, up to 40% decrease in the REE content is possible, although the REE dis-

tributions remain nearly the same (Ewing 1975a). For example, a priorite from the Kibara

Mountains, North Katanga, had a fresh inner zone (black) with '1,0.075 cerium atoms and 0.95 U

atoms per 5.58 0 atoms. Wambeke (1970) gives the relative leaching rate of A cations as

110 REE atoms, 120 Na atoms and 40 U atoms per 100 atoms of Ca leached out. There are lit-

tle hard data on the kinetics or solubility of these complex oxides; these should be

obtained. It seems that columbite might be a good candidate among this group for Ce dis-

posal, since it can be very resistant to alteration. Euxenite is the candidate for the U

elements.

P.2.2.4 ABO
4 

Oxides 

Fergusonite Structure

A = Y, REE, U, Ca, Th

B = Nb, Ta, Ti.

Solid solution: YNb04 - 
YTa0

4
fergusonite formanite

The REE in fergusonite are mostly the yttrium rare earths (Vlasov 1966). Fergusonite occurs

as a metamict mineral. Fairly abundant in granite pegmatites, it accumulates in small

amounts in placers and is found as an accessory mineral in granites. In pegmatites, it is

associated with zircon, monazite, xenotime and euxenite. A study of monazite-bearing allu-

vial deposits in Malaya (Flinter et al. 1963) showed fergusonite occurring with columbite,

Ta/Nb rutile, cassiterite and garnet. The samples were derived from a cassiterite-bearing

granite. It thus seems that fergusonite might be relatively stable as a host of REE and

actinides.

P.2.3 Carbonate and Sulfate Minerals

P.2.3.1 Rare Earth Fluorocarbonates

Carbonate minerals are compounds of some cations with the carbonate anion, CO 3 2, often

with hydroxyls and waters of hydration. Of more than 70 naturally occurring carbonate com-

pounds, most are either water soluble or are easily decomposed. These include the simple and
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complex carbonates of the alkali metals, the alkaline earth metals, and the transition metals.

Most carbonates are sensitive to pH and dissolve easily in low pH solutions.

Exceptions to the general instability of carbonate minerals are the fluorocarbonate

compounds of the rare earths. These are:

Bastnaesite (Ce,La)CO3F

Parisite Ca(Ce,La)2(CO3)3F2

Cordylite Ba(Ce,La)2(CO3)3F2

Synchisite Ca(Ce,La)(CO3)2F.

Bastnaesite and parisite are relatively insoluble even in low pH solutions at ambient tem-

peratures. None are insoluble in hot, low pH solutions. The rare-earth fluorocarbonates

could act as hosts for rare-earth elements in neutral or alkaline repository rocks.

P.2.3.2 Sulfate Minerals 

The number of sulfate minerals numbers several hundred but nearly all are soluble in

water or are otherwise unstable. Two exceptions of interest are barite, BaSO4, and celes-

tine, SrSO4. The solubility of barite in cold water is only 2.2 ppm while the solubility of

celestine is 113 ppm. There is a complete solid solution between barite and celestine

although intermediate compositions are not found in nature.

Use of barite and celestine as hosts for 90Sr would be of value in a bedded anhydrite

repository (anhydrite = CaSO4) because of the chemical compatiblity.

P.2.4 Phosphate Minerals 

Natural phosphate minerals are all orthophosphates, the major one being fluorapatite.

The phosphate-containing minerals include a subset, that seems particularly suited to the

disposal Of nuclear waste elements: the apatite family and the monazite-xenotime family.

Since in nature phosphorus will exist in only one valence state (+5) (for example,

H2 3 PO- > H2 4 PO- only when f02 < 10
-101 at 250°C), the distribution and stability of its

species in solution will be Eh-independent. On the other hand, the dominant phosphorus spe-

cies in solution will be strongly dependent on pH and on possible complexing cations, since

POE4' 4 HPO' and H2 4 PO- form strong complexes [e.g. with uranium (Langmuir 1978)]. The reaction

H2 4 PO- -* HPO4 + 1-14. (P.1)

has a AG; = 9.83 kcal/mole- and a AH; = +0.99 kcal/mole at 25°C, which yields a K1 = 10-7.21

at 25°C. Hence, for pH <7.21, H2PO4 will be the dominant PO4 species in solution

and for pH 47.21, HPO4 will be dominant. Ignoring complexes, this will also be true at

higher temperatures, since AH; is so small. The total phosphorus content of ground waters,

EP04' is 
most often greater than 0.1 ppm but rarely greater than 1 ppm.

In the mineral structure, the PO4 tetrahedra can often be replaced by the CO3, SO4, and

SiO4 groups leading to a 
variety of phosphate minerals.
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P.2.4.1 Apatite Family-Ca5(PO4)3(OH,F)

Apatite is the most abundant phosphorus-bearing mineral. It is a common accessory min-

eral in many types of rocks (acid to basic). Apatite can take up significant amounts of Sr

(up to 11.6 wt% Sr0) and also rare earths (up to 11 wt% REE) and so may be a suitable host

for nuclear waste elements. The rare earths, predominantly Ce, may replace Ca in apatites

of alkaline igneous rocks. U+4 (r = 0.97 A) can also substitute for Ca2+ (r = 0.99 A).

Natural apatites have .A,0.01% U, if primary igneous apatite, or slightly richer; 0.02% U if

sedimentary marine apatite. Thorium is more abundant than U by a factor of 3 or 4 (Deer

1962). Apatites can contain CO3, SO4 and SiO4 groups replacing PO4. In sedimentary phos-

phorites, the apatite can have up to 7 to 8% CO3 content, with much lesser SO4 or SiO4 sub-

stitution. The carbonate content of onshore phosphorites is less (3%) than that of sea

floor phosphorites, suggesting that weathering reduces the carbonate content.

In terms of geologic evidence for stability to weathering apatite is not uncommon in

sedimentary rocks where it occurs both as a detrital mineral and as a primary deposit. It

is not classified as a placer deposit-forming mineral, however. On the weathering stability

list of Pettijohn (1941), apatite has an index of 6, putting it beneath biotite and garnet.

Smithson (1941) from a study of Jurassic sandstones in Yorkshire, England, lists apatite as

stable in unweathered rock but decomposed in weathered rocks. Graham (1950) lists apatite

with olivine as least stable and Jackson (1953) puts it low in the second stage of the

weathering sequence of clay-size mineral particles. Thus, the stability of apatite has yet

to be firmly shown.

Strontium apatite results in the solid solution:

Ca5(PO4)3F -NaCeSr3(PO4)3(OH).

fluor-apatite belovite

However, belovite is unstable under surface conditions and is readily replaced by rhabdo-

phanite, CePO4 H20; Sr and Na are then rapidly lost (Vlasov 1966). There is unlimited sub-

stitution in the systems Ca5(PO4)3F-Sr5(PO4)3F and Ca5(PO4)3(OH)-Sr5(PO4)3(OH). Sr-apatite,

found in alkali pegmatites, is readily soluble in acids (Vlasov 1966).

We can use the solubility criteria laid out in the introduction to this appendix to

examine the stability of apatite minerals. Although thermodynamic data for Sr-apatite are

lacking, there are data for fluorand hydroxy-apatite (Naumov et al. 1974). Using these

4ata, we can compute the following:

Ca
5
(PO

4
)
3
F + 3H+ 5Ca2+ + 3HPO

4 
= + F-

K = 10-33.33 x 101997.7[1/T-1/298]1

Ca5(PO4)3F + 6H+ .4- 5Ca2+ + 3H2PO4 + F-

K2 = 10
-11.70 

x 10
2646 8[1/t-1/298]

(P.2)

(P.3)
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Ca(PO4)3(OH) + 4H+ + 5Ca2+ + 3HP0 + H20

K3 = 10
-12.17 x 107051'0[1/T-1/298]

Ca5(PO4)3(OH) + 7H-t + 5Ca2+ + 3H2PO4 + H20

+9 46 7698 0[1/T-1/298]K4 = 10 • x 10

(P.4)

(P.5)

If we use E PO4 = 10-6m (ti0.1 ppm) and aF- = 1.6 x 10-5m (r.4.3 ppm), typical values for

ground waters, we obtain the following values for the activity of calcium in equilibrium

with the apatites:

Fluor-apatite 

aCa2+

pH/T 25°C 75°C

6 1.04 x 10-5m 5.81 x 10-6m

8 1.24 x 10-7m 7.95 x 10-8m

Hydroxy-apatite 

aCa2+

pH/T 25°C 75°C

6 1.23 x 10-3m 2.24 x 10-4m

8 5.83 x 10-6m 1.22 x 10-6m

In ground waters, aCa2+ is typically ,1,10-3m (Rai and Lindsay 1975). Therefore in alka-

line environments we expect both apatites to be stable at temperatures from 25°C to 100°C.

However, in acid environments hydroxy-apatite will not be stable, while fluor-apatite will

be somewhat stable, more so at higher temperatures. Chien (1977) has also shown that the

carbonate substitution may increase the equilibrium dissolution of apatite.

P.2.4.2 Monazite-Xenotime Family--(Ce,La)PO4-YPO4

This family is one of the most promising for the disposal of nuclear wastes. Both

monazite, (Ce,La)PO4 and xenotime, YP04, as well as their hydrates, rhabdophanite,

(Ce,Ca)PO4.1120, and churchite, YP04.H20, are simple orthophosphates. They are always crys-

talline even though they may contain significant amounts of U and Th. Monazite is isostruc-

tural with huttonite, ThSiO4, and xenotime is isostructural with zircon (ZrSiO4) and

coffinite (USiO4). Monazite can acquire quite a high content of thorium (28%) by the sub-

stitution Th4+ + Si4+ + Ce3+ + p5+ (i.e., ThSiO4-CePO4 solid solution). Monazite is a

selective cerium mineral (i.e., large-radius rare earths). It has lesser amounts of uranium

(up to 4%) (Deer et al. 1962, Vlasov 1966). It is sparingly soluble in acids and is very

stable under weathering conditions, often collecting in placers formed from the disintegra-

tion of monazite-containing granites. It occurs as an accessory in granites and granitic

pegmatites and is abundant in metamorphic deposits (Vlasov 1966). It occurs as a detrital

mineral in sands from weathering of granites and gneisses.
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Dryden and Dryden (1946) compared the changes in relative abundance of various minerals

from the fresh rocks to the weathered products in samples from the Wissahickon schist in

Pennsylvania and Maryland. They found, by taking the ratios of the number of grains of each

mineral in fresh and weathered rock, that the resistance of zircon relative to garnet is 100

(i.e., garnet/Zrfresh/garnet/ZrweathereelM)' sillimanite 40, monazite 40, chloritoid 20,

kyanite 7 and all other minerals less than 5. This is in agreement with Pettijohn (1941)

who ranked monazite in his "weathering sequence" as 3 after zircon (1) and tourmaline (2).

The general geologic evidence points to a very resistant mineral.

We can calculate the solubilities for monazite to establish its thermodynamic sta-

bility. Taking EPO4 = 10-6m (0.1 ppm), we can compute the solubility of Ce3+ in a natural

leaching solution as a function of pH and temperature. The thermodynamic data for CePO4

were obtained from Naumov, et al. (1974). We obtain:

Therefore

CePO4 + 2H+, Ce3+ (aq) + H2PO4
AG° = 3.27 kcal/mole AH° = -11.71 kcal/mole

CePO4 + H
+ 
+ Ce

3+ 
(aq) + HPO4

AG° = 12.10 kcal/mole AH° = -10.72 kcal/mole.

-3 5893.3[1/T-1/298]K6 = 4.00 x 10 e

-10 5395.1[1/T-1/298]K
7 
= 2.46 x 10 e

Assuming no complexing, pure solids, and EPO4 = 10-6m, then

aCe3+(aq) 

pH/T 25°C 50°C

6 4.0 x 10-9m 8.6 x 10-1 0m

8 2.46 x 10-12m 6.1 x 10-13m

(P.6)

(P.7)

The low values of aCe
3+ obtained support the stability evidence from the geologic data.

Obviously monazite is more stable in warm alkaline environments. Increasing the phosphate

content of the ground water would also further stabilize the monazite. Thus if

EPO4 = 10-5 m (1 ppm), aCe3+ = 4.0 x 10
-10 m at pH = 6, T = 25°C and the same for the other

conditions.
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Xenotime contains a high amount of yttrium rare earths. It is widespread in granites,

pegmaties and metamorphic gneisses (Vlasov 1966). When granites weather, xenotime accumu-

lates in placers (e.g. in New Zealand and USSR). Xenotime is very stable under surface

conditions.

P.2.5 Iodine Hosts 

P.2.5.1 Iodine Minerals 

Iodine is a relatively rare element in rocks and minerals. It occurs in both the l-

and I5+ valence states. Iodine is easily oxidized to the 5-valent state and appears in many

of its natural compounds as the iodate,

Lautarite

Bellingerite

Salesite

Schwartzembergite

Dietzeite

I03 ion. These are:

Ca(I03)2

Ci(103)2.2/3H20

Cu(I03)0H

Pb5(103)C1303

Ca2(103)2Cr04.

The above compounds are at least slightly soluble in water, and all are soluble in solutions

with low pH. The iodate minerals are found in evaporite deposits or as weathering products

of ores in very dry environments.

Marshite, CuI, iodargyrite, AgI, and their solid solution, miersite, occur in nature

and might be stable in a bedded salt type of repository but in general no natural mineral

of iodine hints of very long-term stability.

P.2.5.2 Framework Structures for Iodine 

Two candidate minerals that are composed of three-dimensional frameworks contain

cavities sufficiently large to house the I- ion: sodalite and the boracite family.

Sodalite, Na4A13Si3012C1, is a member of the feldspathoid group. It is a three-

dimensional framework and the essential Cl- is locked in cage-like interstices. Iodine can

be substitued for C1-1 and maintained in this structure.

Boracite, Mg3B7013C1 is a three-dimensional framework of B-0 tetrahedra with the C1

locked in cage structure. Other minerals of the boracite family are ericaite,

(Fe,Mn)3B7013C1, and chambersite, Mn3B7013C1. However, a very large number of synthetic

materials with the boracite structure have been synthesized. Many of the synthetics contain

I rather than Cr. They are stable under hydrothermal conditions.

P.2.5.3 Lead Oxyhalides 

There exists a small group of minerals composed of the oxy- or hydroxy-halides of lead.

These materials usually appear as oxidation products on lead-zinc ores which is evidence for

their stability in the surface environment. The list includes:
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Murdochite PbCu5(0,C1,608

Mendipite Pb
3C1202

Penfieldite Pb2C13(OH)

Yedlinite Pb8CrC16(0,0H)8

Phosgenite Pb2(CO3)C12.

Little is known of the structures, solubilities, and ranges of stability of these materials.

The substitution of iodine for chloride in the lead oxyhalide structures should be

investigated.

P.2.6 Uranium Minerals 

Uranium occurs in nature in both the U
+4 and U+6 valence state. The U+5 valence state

has been postulated, especially in U308 and other oxides intermediate between UO2 and UO3,

but it has not really been verified. Its existence is not critical to our discussion.

P.2.6.1 U+4Minerals

Uranium occurs as U
+4 

in only a small group of minerals. The most important and best

known is uraninite, UO2, which has the fluorite, CaF2, structure. It is the principal min-

eral in most uranium deposits and is found in pegmatites, in sandstones and metasediments,

and as an accessory mineral in some granites. Natural UO2 is rarely stoichiometric and is

better described as UO2+x where x ranges between 0 and 0.25. Most uraninite from older

sources is metamict and may be called pitchblende.

In sandstone deposits the uraninite has formed from circulating ground water by reduc-

tion of the U+6. In the reduced form it is very stable and is common in the placer deposits

of the Witwatersrand district in Africa. These uraninite grains were carried down streams

and deposited in energetic depositional environments without chemical breakdown because the

atmospheric conditions of the time were highly reducing. If uraninite could be maintained

in its U+4 state it would be a good repository mineral. Unfortunately, it alters rapidly in

present-day atmospheres.

Uraninite is usually only uranium bearing in sandstone deposits, but in pegmatites it

may contain significant quantities of Ce and Th in solid solution. Actually, complete solid

solutions of these elements can be prepared under laboratory conditions.

Some of the other U+4 minerals occur in quantities sufficient for them to be called ore

minerals. Coffinite, USiO4, brannerite, UT1206, and ningyoite, CaU(PO4)2.1.5H20, occur pri-

marily in sedimentary or metasedimentary environments probably as syngenetic minerals.

Other U+4 minerals include lermontovite, (U,Ca,Ce. )3 (PO4 )4 .6H2' 0. sedovite, U(Mo04 )2 •'
uranopyrochlore, U2Nb206(0,0H,F); cliffordite, UTe308, and ishakowaite, (U...)(Nb,Ta)04.

In addition U+4 occurs as a minor element in many minerals, mostly replacing other group IV

elements or the rare earths. At the conditions existing at the earth's surface all these

el' minerals readily alter by oxidation and weather by releasing the uranium into the ground

water system. The U+6 may be fixed immediately in new minerals or may migrate for long dis-

tances before being redeposited.
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P.2.6.2 Uranate Minerals 

Uranium as U+6 forms a large group of oxides, hydrated oxides, and uranates. The ura-

nates form compounds with Na, K, Mg, Ca, Ba and Pb. Some of these compounds are anhydrous,

but most are hydrates. There are many crystalline modifications of U08 but none occurs

naturally. Usually the hydrate schoepite, UO3.2H20, or one of its polymorphic forms occurs.

If the other elements are present the tendency is to form the uranate minerals.

The uranates occur in the immediate vicinity of the source mineral, usually uraninite.

They develop as a replacement aureole of poorly crystallized phases commonly called gummite.

The Pb which is common in older deposits is primarily radiogenetic in origin.

The uranates do not survive further weathering and are replaced by uranyl compounds in

the main oxidized zone of any ore body. It is doubtful if any uranate would be a good ura-

nium repository.

P.2.6.3 Uranyl Minerals 

Any uranium which finds its way into the ground water system migrates as the uranyl

ion, UO+ 22 , or as some complex involving the uranyl ion. As the local conditions change the

uranyl ion may precipitate as one of over 100 mineral species.

P.2.6.4 Urany Ion 

The uranyl ion is a linear group with the uranium in the center and the oxygen ions on

the ends. Because of this unique geometry uranyl compounds form their own series of com-

pounds in nature with very little substitution of other ions.

Uranyl will form complex structures with almost any oxyanion, carbonate, sulfate, phos-

phate, arsenate, molybdate, selenate, vanadate and silicate. The crystal structure of the

minerals is usually uranyl-oxyanion sheets or chains, which stack so as to contain intersti-

tial low-charge cations and water molecules. Most of the carbonates, sulfates, molybdates

and selenates and even the silicates are moderately soluble and will leach as the environ-

mental conditions change. The phosphates-arsenates and vanadates appear to be very insol-

uble and may be potential repository compounds. The known minerals are listed in

Table P.2.4.

The uranyl phosphates and arsenates are usually considered together because their

crystal chemistry is very similar and in some cases there is even partial substitution of

phosphorus and arsenic. In all compounds these ions exist in tetrahedral coordination.

Vanadium is tetrahedral in a few vanadates, but in most vanadates complex V208 groups of

pentagonal edge-shared V05 coordination polyhedra are formed.

As can be seen in Table P.2.4, the phosphates-arsenates-vanadates are usually classi-

fied by their U:X ratio where X is P, As, V. Several ratios exist but the most common is

the U:X = 1. Within this group are several minerals that have great potential as repository

minerals. This potential is suggested by the wide range of occurrence, the frequency of

mineral formation and the extremely low solubility of the compounds.
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TABLE P.2.4. Uranyl Phosphates, Arsenates, Vanadates

UO2:X04

4:2 Arsenuranylite Ca(UO2)4(As04)2(OH)4.6H20

Bergenite Ba(UO2)4(PO4)2(OH)4.8H20

Renardite Pb(UO2)4(PO4)2(OH)4-7H20

3:2 Troegerite (UO2)3(As04)2.12H20 (see 2:2)

Huegelite Pb2(UO2)3(As04)2(OH)4-3H20

Dumontite Pb2(UO2)3(PO4)2(OH)4-3H20

Phosphuranylite Ca(UO2)3(PO4)2(OH)4.7H20

2:2 Carnotite K2(UO2)2(V208)-3-5H20

Tyuyamunite Ca(UO2)2(V208)-5-8H20

Metatyuyamunite Ca(UO2)2(V208).3H20

Curienite Pb(UO2)2(V208)-5H20 •

Francevillite Ba(UO2)2(V208).5H20

Strelkinite Na2(UO2)2(V208)-6H20

Autunite Ca1_2(UO2)2(PO4)2.8-12H20

Meta-autunite I Cal 2(UO2)2(PO4)2.6-8H20

Meta-autunite II Cal 2(UO2)2(PO4)2.4-6H20

Meta-vanuralite Al(UO2)2(VO4)2(OH)-8H20

Vanuralite A1(UO2)2(VO4)2(OH).11H20

Vanuranylite (H30,6a,Ca,K)1.6(UO2)2(VO4)2.4H20

Dewindtite Pb(UO2)2(PO4)2.3H20

Sengierite Cu(UO2)2(V208)-8-10H20

2:3 Coconinoite Fe32A12 (UO2 )2 (PO4 )2 (SO4 )(OH)2 .20H2 
0

2:4 Parsonsite Pb4(UO2)2(PO4)2•2H20

Przhevalskite Pb(UO2)2(PO4)4.4H20

Pseudoautunite (H30)4Ca2(UO2)2(PO4)4.5H20

Walpurgite (Bi0)4(UO2)2(As04)4.6H20

Hallimondite Pb
2
(UO

2)2(As04)2

The abundance of uranyl phosphates and arsenates results more from the stability of

uranyl phosphate and uranyl arsenate complexes in ground water (Langmuir 1978) than from any

abundance of P or As. The complex polymerizes readily into sheet-like crystal structures,

which incorporate a variety of low-charge cations and water molecules between the sheets.

Thus, they form a large number of mineral species depending on the available cation. The

toxicity of As, however makes it less desirable additive.

The most important mineral family in the phosphates is the autunite minerals. The

family is usually broken into three groups--autunite, meta-autunite I, and meta-autunite II,
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depending on the number of water molecules involved. Table P.2.5 lists all the members of

the autunite family. The variation of water is common to the group but does not seem to

affect the stability of the species.

Autunites are known to form compounds with Ca, Mg, Ba, Na, Cu, Fe2+, K, Zn, Mn, Co, Pb,

NH4 A1, and H20. Many synthetic analogs can also be easily formed including Sr and even Li.

The included cation is easily exchangeable in acid solutions but the autunite structure

remains unaffected by the many substitutions.

TABLE P.2.5. The Autunite Family

Autunites, R1_2(UO2)2(X04)2.8-12H20

Autunite, Ca(UO2)2(PO4)2 8-12H20

Fritschelite Mn V

Heinrichite Ba As

Kahlerite Fe As

Novacekite Mg As

Sabugalite H,A1 P

Saleeite Mg P

Sodium autunite Na,Ca P

Torbernite Cu P

Uranocircite Ba P

Uranospinite Ca As

Zeunerite Cu As

Meta-autinites, 81_2(UO2)2(804)2.6-8H20

Abernathylite K,(UO2)2(As04)2.6-8H20
'Bassettite Fe2+ P

Meta-ankoleite K2 P

Meta-autunite I Ca P

Metaheinrichite Ba As

Metakahlerite Fe2+ As

Metakirchleimerite Co As

Metalodevite Zn As

Metanovacekite Mg As

Metaforbernite Cu P

Meta-uranocircite Ba P

Meta-uranospinite Ca As

Metazeuerite Cu As

Sodium uranospinite NaCa As

Troegerite (H30)2(UO2)2(As04)2.6H20

Uramphite NH4 P

unnamed (H30)2 p

Meta-autunite II Ca(UO2)2(PO4)2.4-6H20
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In nature, autunite, Ca(UO2)2(PO4)2.8-12H20, and meta-autunite I, Ca(UO2)2(PO4)2•6-8H20,

are very common anywhere uranium is found. They are found as a secondary mineral in all

climates; and have been mined as ore minerals in several locations because of their abun-

dance. In Cameron, Arizona, they occur in near-surface sandstone lenses and around Sho-

shoni, Wyoming. They are mined from bentonite pits where they form in the desiccation

cracks of the clay. At Ningyo Prefecture in Japan they are found in sandstone, where they

were mined extensively until the primary ningyoite zone was encountered. Some very noted

specimen localities include the Daybreak Mine in Washington, and Cornwall, England. They

are also common alteration products in uranium-bearing pegmatites. In all these localities

they have proven to be very stable. The leaching characteristics under various conditions

still must be tested.

Among the other uranyl phosphates several other candidates are also evident as possible

repositories. In particular we should consider the phosphyranylite Ca(UO2)4(PO4)2(OH)4•7H20.

It is a much rarer mineral than autunite but has a higher loading factor because the U:P

ratio is 3:2. Considerably less is known about the stability of this phase. Its conditions

of formation and synthesis are less well known but it occurs similarly to autunite.

One must not overlook the vanadates as potential repository minerals, in particular

carnotite, K2(U0202V2)8•3-5H20; tyuyamunite, Ca(UO2)2V208.5-8H20, and metatyuyamunite,

Ca(UO2)2V208•3H20. These three minerals occur extensively throughout the Colorado Plateau

and have been mined for uranium. They usually occur in sandstone lensesand are found in

intersticed among the sand grains. Once formed, they appear to resist weathering and alter-

ation even at surface conditions. Strontium analogs might easily be made. Ion exchange,

common in the autunites, does not seem to occur in the vanadates.

P.2.7 Technetium Hosts 

Since the element technetium is not known in nature, it follow that no minerals exist

with technetium as an essential element. Technetium exists mainly in valence states Tc
4+

and Tc7+ with the latter forming the very soluble pertechnatate ion. Technetium4+ forms

stable solid oxide phases and, because of a similar ionic radius, behaves much like Ti
4+.

Many titanium analogs have been synthesized (Muller et al. 1964) including spinels, pyro-

chlores, perovskites, and a stable solid solution between Ti02 and Tc02. Titanium minerals

may be the best hosts for technetium if reducing conditions are maintained in the

repository.
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P.3 MINERAL TABLES 

P.3.1 Hosts for Radionuclides 

Table P.3.1 lists selected minerals which have potential as hosts for radionuclides.

The entries in Table P.3.1 were selected according to the criteria listed below.

Approximately 2500 mineral species have been identified. These have been compiled into

reference sources of which those of the Dana system (Palache et al. 1944, 1951), Deer, Howie

and Zussman (1962), Strunz (1970), and Roberts, Rapp and Weber (1974) were consulted. Each

of the 2500 minerals was reviewed and in a first sieving all minerals that were known to be

water-soluble, chemically undesirable or crystal-chemically unsuitable as radionuclide hosts

were eliminated. A much shortened list of about 100 minerals remained. A second sieving

eliminated minerals of great chemical complexity that would be difficult to synthesize. The

minerals that remained were separated according to the radionuclide for which they were to

serve as host and these groups were then roughly ranked with the best candidates listed

first.

Table P.3.2 is the final listing. In addition to mineral name and formula, the table

lists some available information of the occurrence of these minerals in nature, which pro-

vides clues to their stability in the repository environment, and on alteration processes

where known. it must be emphasized that the data on these later categories are very sparse

although this study does not claim to be an exhaustive literature survey. Table P.3.2 is

intended as a guide for future research rather than finalized data for engineering design.

P.3.2 Commentary on Table P.3.1 

The lack of silicate minerals on the listing is perhaps unexpected. Silicates make up

the bulk of the rocks on the earth and many of them are very stable. However, the common

silicate structures utilize the most abundant elements of the earth and the critical radio-

nuclides from nuclear waste are, with the exception of 9°Sr, unusual elements, either too

large or too small to fit into available sites in the silicate minerals. Furthermore,

silicates are relatively less resistant to weathering and only a few, or which zircon is an

outstanding example, survive the weathering process to become detrital minerals. Even fewer

survive to become placer minerals.

Phosphates and oxides are the first and second most stable minerals in a wide variety

of geochemical environments from initial formation at high temperatures and pressures,

through weathering transport, contact with salt water in oceanic depositional basins,

burial, diagenesis, upheaval, and in some cases a complete second cycle of weathering.

A very large number of phases on the list occur in pegmatites or in alkaline rocks that

are closely related. The minerals, by implication, are stable in the presence of aqueous

solutions at temperatures to 600'C and pressures to several kilobars. Chemical compatibility

with granite rocks is implied. Whether many of these minerals are compatible with other can-

didate repository rocks, basalts, and shales require research. The fact that the minerals

do not occur in these rocks in nature means only that the chemistry for their formation was

not correct, not that the minerals are necessarily incompatible.
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Element Host Mineral

TABLE P.3.1. Selected Host Minerals for Radionuclides

Occurrence
Substitution(a) in Nature AlterationFormula

Cs pollucite

Sr anorthite
(feldspar)

Cs2_xNa xAl2S4012 H20

Cal_xNaxAl2-xSi2+x08

E

R

granite
pegmatites

basalt slow break-
down into
clay minerals
under surface
weathering
conditions

Sr-apatite Sr5(PO4)3(OH,F) E alkalic
pegmatites

belovite (Sr,Ce,Na,Ca)5(PO4)3(0,0H) SS alkalic
pegmatites

breakdown at
low pH

celestine SrSO4 E oxidation zones
in sulfur
deposits primary
precipitation

Sr-autunite Sr(UO2)2(1)04)2 E strata-bound
ore deposits

goyazite SrA13(PO4)2(OH)5H20 E pegmatite

lamprophyllite Na2(Sr,Ba)2Ti3(SiO4(OH,F)2 SS nepheline syen-
ites alkali-rich
pegmatites

lusangite (Sr,Pb)Fe3(P0q)2(OH)5•H20 SS pegmatite

bogildite Na2Sr2Al2PO4Fg E cryolite
deposits

danburite CaB2Si208 R andesite
xenoliths

attakolite (Ca,Mn,Sr)3A16(PO4,SO4)7•3H20 SS

cuspidine CagSi207(F,OH)2 R metamorphic
rocks lime-
stone con-
tact zones

rankinite Ca3Si207 R strain

zones

gelatinizes

readily at
low pH

melilite Ca2Mgl_ xAl2xSi2_ x07 R extrusive
rocks

umbozerite Na3Sr4ThSi8(0,0H)24 E

scheelite CaW04 R pegmatites

powellite CaMo04 R pegmatites
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TABLE P.3.1. (continued)

Element Host Mineral Formula

sodalite

boracite

ericaite

chambersite

parahilgardite

murdochite

mendipite

penfieldite

yedlinite

phosgenite

marshite

iDdargyrite

NagA16Si6024C12

Mg367013C1

(Fe,Mn)3B7013C1

Mn3137013C1

Ca2135013C1(OH)2

PbCu6(0,C1,13r)8

Pb3C1202

Pb2C13(OH)

Pb6CrC16(0,0H)8

Pb2(CO3)C12

CuI

AgI

miersite (Ag,Cu)I

Tc perovskite

calzirite

yttrocrasite

CaTiO3

CaZr3TiOg

(Y,Th,U,Ca)2Ti4011

Substitution(a)

R nepheline-
syenite rocks

Occurrence
in Nature

:

R

R

R

R

R

R

R

E

E

E

R

R

R

salt domes
and salt
deposits

salt domes

oxidation zones
of Pb-Zn
deposits

associated
with copper
ores

secondary min-
eral in silver
ores

associated
with copper
ores

basic igneous

carbonatite

Alteration

occurs in the
"water insol-
uble" frac-
tions of salt
deposits

occurs in
"water insol-
uble" fraction

darkens on
exposure to
air

rocks

partially dis-
solves in low
pH solutions
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Element Host Mineral

Tc

Lantha-
nides,
Acti-
nides

batisite

brannerite

monazite

cheralite

xenotime

rhabdophanite

brockite

grayite

TABLE P.3.1. (continued)

Formula

Na2BaTi2Si4O14

(U,Ca,Ce)(Ti,Fe)206

(Ce,La)PO4

(Ce,Ca,Th)(P,Si)04

YP04

(Ce,La)PO4•H20

(Ca,Th,Ce)PO4•H20

(Th,Pb,Ca)PO4•H20

churchite YPO4 2H20

zircon ZrSiO4

baddeleyite Zr02

Substitution(a)
Occurrence
in Nature

R nepheline
syenite

R

E

SS

E

E

E

E

E

R

R

hydrothermal
mineral

granites,
pegmatites,
placers,
hydrothermal
deposits
metamorphic

rocks

granites,
pegmatites,
placers,
hydrothermal
deposits,
sandstones

alkali peg-
matites,
hydrothermal
deposits,
sandstones

alkali massifs
limonite ores

acid and alkali
igneous rocks
pegmatites,
placers

carbonatites,
gabbro,
placers,
basalts

Alteration

extremely
stable

sometimes yel-
low crust of
rhabdophanite

very stable
alters to
churchite

very stable
forms from
monazite but
dehydrates to
monazite on
prolonged
storage

forms from
zenotime

metamict
highly resis-
tant to wea-
thering

highly
stable
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TABLE P.3.1. (continued)

Occurrence
Element Host Mineral Formula  Substitution(a) in Nature

Lantha- tacheranite (Zr,Ca,Ti)02 R alkali massifs
nides,
Acti- bazirite BaZrSi3Og R granites
nides

zirkelite Zr(Ca,Th,Ce)(Ti,Nb)207 SS magnetite
deposits
pyroxenites

Alteration

thorite ThSiO4 E greisens from metamict
granites

huttonite ThSiO4 E sands alters to
Y-bastnaesite

thalenite Y2Si207 E
pegmagites

yttrialite (Y,Th)2Si207 E

throtveitite (Sc,Y)2Si207 E pegmatites

bastnaesite (Ce,La)CO3F E hydrothermal gradual
deposits, alteration
pegmatites, to lantha-
granites nite, rha-

dophanite or
cerianite

cordylite

parisite

Ba(Ce,La)2(CO3)3F2

Ce2Ca(CO3)3F2

synchysite CaCe(CO3)2F

röntgenite Ce3Ca2(CO3)5F3

cerianite (Ce,Th)02

davidite (Fe,La,Ce,U)2(Ti,Fe)5012

E alkali syenite

E detrital, replaced by
hydrothermal bastnaeisite
deposits, peg-
matites, car-
bonate ore
bodies

E alkalie syenite
pegmatite

E pegmatite

E carbonates
pegmatites

SS granites
skarns, peg-
matites, with
vein minerals

euxenite Y(Nb,Ti)2(O,OH)6 E

polycrase Y(Ti,Nb)2(0,0H)6 E pegmatites can be
granites altered but

delorenzite Y(Ta,Nb)2(0,0H)6 E placers somewhat
stable

fersmite (Ca,Ce)(Nb,Ti,Fe)2(0,0H,F)6 SS
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Element Host Mineral

TABLE P.3.1. (continued)

Substitution(a)
Occurrence
in Nature AlterationFormula

Lantha-
nide,
Acti-
nide

columbite

tantalite

(Fe,Mn)(Nb,Ta)206

(Fe,Mn)(Ta,Nb)206

R

RR1

granites,peg-
matites, quartz
veins, greisen
deposits,
placers

very resistant
to weathering

perovskite CaTiO3 basic igneous
rocks

can be altered
to metalopa-
rite but

loparite

aeschynite

(Na,Ce,Ca)(Ti,Nb)03

(Ce,Nd,Th,Y)(Ti,Nb)206

SS

SS

alkali
syenites

retains
lanthanides

polymignyte

sinicite

(Ca,Fe,Ce)(Zr,Ti,Nb)206

(Ce,Nd,Th,U)(Ti,Nb)206

SS

SS

alkali massifs
pegmatites

usually
weathers

fergusonite

fonnanite

YNb04

YTa04

El

E)

granitoid for-
mations,
placers, gran-
ites, pegma-
tites

fairly stable
often asso-
ciated with
monazite in
placers

samarskite

pyrochlore

(Fe,Y,U,)(Nb,Ti,Ta)207

(Na,Ca,U,Ce,Y)2-x

SS pegmatites,
gold placers

betafite

(Nb,Ta,Ti)206_x(OH,F)14.x

(U,Ca2_x(Nb,Ti,Ta)2

SS

zirconolite

06_x(OH1+x

CaZrTi2)7

SS

R

microlite

obruchevite

djalmaite

pandaite

(Ca,Na)2Ta206(0,0H,F)

(Y,U,Ca)2_,(Nb206(OH)

(Ca,Na,U)2Ta206(0,0H,F)

(Ba,S62_ x(Nb,Ti)207_,(.7H20

R

SS

SS

R

Alkali rock
massifs

pervasively
altered
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Element Host Mineral

U

TABLE P.3.1. (continued)

Formula

uraninite UO2

carnotite K2(UO2)2(VO4)2

tyuyamunite Ca(UO2)2(VO4)2

autunite Ca(UO2)2(PO4)2

K-autunite K2(UO2)2(PO4)2

Sr-autunite Sr(UO2)2(PO4)2

phosphuranylite Ca(UO2)4(PO4)2(OH)4 7H20

ningyoite (U,Ca,Ce)2(PO4)2 1-2H20

lermontovite (U,Ca,Ce)3(PO4)4 6H20

coffinite U(SiO4)1_ x(OH)4x

ekanite (Th,U)(Ca,Fe,Pb)2Si8020

weeksite K2(UO2)2Si6015 4H2O

soddyite (UO2)5Si209 6H20

Substitution(a)

E

Occurrence
in Nature

pegmatites

Alteration

rapid in
oxidizing con-
ditions but
very stable in
reducing
conditions

E)
sandstone relatively

E/ insoluble

E } pegmatites, insoluble
sandstone,

E sedimentary
breccia

E

E U-schists,
pegmatites

E sedimentary
rocks

E

E sandstone,
sedimentary
breccia,
U-schists

SS pegmatite
veins

E

E pegmatite

(a) Substitution of radionuclide into host mineral: E = essential element; SS = solid solution; R = replacement
of another element by radionuclide.
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TABLE P.3.2. Systematic Tabulations of Metamict Minerals(a)

SIMPLE OXIDES 

*Uraninite (UO2) (b,c)

*Rutile (Ti02)

PHOSPHATES 

*Monazite (Conybeare and Ferguson 1948,
Brooker and Nufield 1950)

*Xenotime (Sidorenko 1963)

*Griphite (Peacor and Simmons 1972)

SILICATES 

Nesosilicates (Si:O = 1:4) 

*Zircon

*Thorite

*Coffinite

*Titanite (Higgins and Ribbe 1976)

*Huttonite

*Steenstrupine-Cerite

*Britholite group

*Lessingite
Karnasurtite
Karnocerite
Tritomite
Spencite
Rowlandite
Gadolinite

Sorosilicate (Si:0 = 2:7) 

Thortveitite group

*Thalenite
Yttrialite

*Hellandite
*Rincolite
Epidote group

*Allanite
*Chevkinite
*Perrierite

*Vesuvianite (Bouska 1970)

Cyclosilicates (Si:O = 1.3) 

*Eudialyte
Cappelenite (Faessler 1942)

Nb-Ta-Ti OXIDES (A = U, Th, REE, Co, Na, K)
Mg,Mn,FeL,Pb = Nb,
Ta,Ti,Fe+3,W)

ABO3 (Perovskite structure)

*Loparite
Irinite

*Knopite

A2_ xB207_3 nH20 (Pyrochlore
structure)

*Pyrochlore
Betafite

*Microlite
Djalmaite
Obruchevite

*Zirconolite

A2B5015 (Davidite structure)

*Davidite

ABO4 (Fergusonite structure)

Formanite
*Fergusonite
Risorite

AB206 (Columbite structure)

*Columbite (Hutton 1959,
Ewing 1976b)

AB206 (Euxenite structure)

*Euxenite (Ewing 1976a)
Polycrase
Delorenzite

*Fersmite

AB206 (Priorite)

*Priorite
*Aeschynite
*Bloomstrandine
Polymignite

AB204 (Samarskite structure)

Samarskite
Chlopinite
Loranskite
Yttrocrasite

AB206 (Brannerite structure)

*Brannerite
Thorutile

AB207 (Zirkelite structure)

Zirkelite

(a) After Bouska (1970).
(b) The asterisk (*) indicates that the mineral also occurs as a partially or completely

crystalline phase.
(c) A reference indicates that inclusion of the mineral in this table is based only on a

single or poorly documented occurrence.
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The rankings, except for the top few entries, are almost arbitrary. Although available

mineralogical evidence suggests that these minerals are stable in the temperature and pres-

sure regimes generally thought to exist around nuclear waste repositories, their relative

stabilities are not known. Likewise, the relative solubilities of these generally insoluble

phases are not known. Thus, detailed ranking or the construction of any sort of figure of

merit cannot be done under the present state of knowledge.

Many of the oxide minerals are highly stable and insoluble because of a particular oxi-

dation state. Lower oxidation states of the transition metals and of uranium form less sol-

uble compounds than do the high oxidation states. The state of oxidation in a repository

will be controlled by the oxidation potential and oxygen buffer capacity of the host rocks

since these will be present in vastly larger volumes than the volume of the waste. Likewise

the solubilities of many of the minerals are a sensitive function of the acidity of any cir-

culating solutions. The fluorocarbonates are an example of minerals with low solubilities

in neutral or alkaline solutions that become progressively more soluble as the ph decreases.

The host rock in which the repository is formed will play an important role in buffering the

oxidation potential and acidity of any circulating ground water that might contact the syn-

thetic minerals of the waste form.

The large number of minerals that are listed as occurring in pegmatites is to be

expected. Pegmatites are complex mineral assemblages that form from a residual high-water

content fluid that remains after the crystallization of granitiE rocks. Ions that are too

big or too small or have the wrong charge or the wrong electronic structure to fit into any

of the common granite minerals--quartz, feldspars, micas, and amphiboles, are concentrated

in the residual fluid and finally crystallize into pegmatites. It is not the pegmatite-

forming temperature and pressure regime that is critical but rather the complex solution

chemistry that allows these minerals to be formed. Many of these minerals can be synthe-

sized by entirely different methods but their occurrence in pegmatites does imply a substan-

tial degree of mutual compatibility among the phases.
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P.4 METAMICTIZATION 

Metamict minerals are a special class of amorphous materials which were initially crys-

talline (Broegger 1893). Although the mechanism for the transition is not clearly under-

stood, radiation damage caused by alpha particles and recoil nuclei is certainly critical

to the process (Graham and Throber 1974, Ewing 1975). The study of metamicitzation of natu-

rally occurring materials allows for the evaluation of the long-term effects that result

from this type of radiation damage, particularly changes in physical properties. Comparison

of metamict and non-metamict crystalline phases addresses the question of the susceptibility

of different bonding and structure types to radiation damage and provides useful insights

into defining radiation damage experiments.

P.4.1 Properties 

The list below is an amplified tabulation of metamict mineral properties listed by

Pabst (1952).

1. They are generally optically isotropic but may show varying degrees of anisotropy.

Reconstitution of birefringence with heating is common.

2. Metamict phases lack cleavage. Conchoidal fracture is characteristic.

3. Some mineral species Wre pyronomic, that is, they glow incandescently on heating.

In many cases, however, recrystallization may occur without observable glowing.

4. Crystalline structure is reconstituted by heating. The metamict material recrys-

tallizes to a polycrystalline aggregate with a concomitant increased resistance

to attack by acid. During recrystallization several phases may form, the particu-

lar phase assemblage is dependent on the conditions of recrystallization (e.g.,

temperatue and type of atmosphere). In many cases the original pre-metamict phase

may not recrystallize due to compositional changes caused by post-metamict

alteration.

5. Metamict minerals contain U and Th, although contents may be quite variable (as

low as 0.41% Th02 in gadolinite from Ytterby, Norway). Rare-earth elements are

also common (in some cases over 50 wt%). Water of hydration may be high (up to

70 mole%).

6. They are x-ray amorphous. Partially crystalline metamict minerals display dis-

tinct line broadening and decreased line intensities. A shift of lines to lower

values of two-theta is observed in specimens with a reduced specific gravity.

7. Some phases occur in both the crystalline and metamict state, and in these cases

there is little chemical difference.

The most common methods of analysis of the metamict state are x-ray diffraction analy-

sis of annealed material (Berman 1955, Lima-de-Faria 1964, Mitchell 1972, Ueda and
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Koreskawa 1954) and differential thermal analysis (DTA) (Kerr and Hollan 1951, Orcel 1953,

Kurath 1957). Most of the effort by mineralogists has been directed at establishing identi-

fication criteria.

Elemental analysis is commonly completed by wet chemical means on mineral separates or

by standard electron microprobe analysis. The presence of water, both structural and

absorbed, and the preponderance of rare-earth elements make a complete chemical analysis a

rarity in the literature.

Although radiation damage experiments are voluminous, there have been only limited and

unsuccessful efforts to simulate the process of metamictization under laboratory conditions

(Mugge 1922, Primak 1954).

P.4.2 Summary of Observed Metamict Phases 

To understand the compositional and structural controls on the process of metamictiza-

tion, it is useful to tabulate naturally occurring metamict phases. Table P.3.2 listed

those phases described as being partially or completely metamict in a review of the litera-

ture by Bouska (1970). This tabulation lists only the major compositional end-member. As

one might expect for mineral groups of complex compositions (e.g., compare the A:B ratios

for fergusonite and samarskite) that are metamict and much altered, the nomenclature of any

single mineral group is quite complicated and much confused by the proliferation of varie-

tal names (Ewing 1976). For a more detailed listing and discussion of the mineralogical

literature the reader is referred to Bouska (1970).

The asterisk by each mineral name indicates it also occurs as a partially or completely

crystalline phase. In some cases (e.g., monazite, xenotime and vesuvianite) the inclusion

of a mineral phases as metamict is based only on a single or poorly documented occurrence.

In these instances the critical reference is indicated. In other cases (e.g., rutile) the

radiation damage was not caused by constitutent uranium and thorium nuclides but rather

occurred only along grain boundaries where the rutile was in epitaxial contact with radioac-

tive davidite.

The uranium and thorium contents of phases that occur in both crystalline and metamict

forms are interesting. Table P.4.1 gives the average U308 and Th02 contents of orthorhombic

AB
2
0-type Nb-Ta-Ti oxides. Although the data in the literature are limited, in general

those specimens of euxenite, fersimite, aeschynite and lyndochite found in the crystalline

state have distinctly lower uranium and thorium contents than their metamict euxenite and

aeschynite counterparts. A similar relation has been demonstrated for zircons (Holland and

Gottfried 1955, Krasnobayev et al. 1974).

Table P.4.2 is a compilation of radioactive minerals which are said to be always crys-

talline. Comparison of Tables P.3.2 and P.3.4 quickly reveals inconsistencies in the liter-

ature. Huttonite is listed as always crystalline (Pabst 1952) and partially metamict

(Bouska 1970). Many of these inconsistencies may be resolved by very detailed and specific

examinations of nomenclature. Also, note that among the phases listed as metamict (e.g.,

columbite and stitbiotantalite), their structures probably will not accommodate either
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TABLE P.4.1. Uranium and Thorium Content (wt%) of Non-Metamict and Metamict AB206--
Type Nb-Ta-Ti Oxides

u32.8 Th02_

Non-metamict

euxenite (Nefedor 1956) (a) (a)

fersmite (Alexandrov 1966) (a) (a)

aeschynite (Alexandrov 1962 and 1966) not detected 0.72

allanite (6ech, Vrana and Povondra 1972) 0.25(b) 2.26(b)

lyndochite (Gorzhevskaya and Sidorenko 1962) 0.08(c) 3.75

Metamict

euxenite (mean value of 28 analyses) 9.31 3.08

aeschynites (mean value (of 22 analyses) 1.2 10.73

(a) Semiquantitative analysis, no U or Th reported.
(b) Analysis by R. C. Ewing, University of New Mexico.
(c) Reported as UO3.

TABLE P.4.2 Radioactive Minerals Reported as Always Crystalline(a)

autunite Ca(UO2)2-10-12H20

bastnaesite (Ce,La)(CO3)F

carnotite K2(UO2)2(VO4)2-3H20

columbite (Fe,Mn)(Nb,Ta)206

gummite UO
3 .nH2 0

huttonite(b) ThSiO4
metatorbernite Cu(UO2)2(PO4)2-8H20

monazite(b) (Ce,Th)PO4

stibiotantalite Sb(Ta,Nb)04

thorianite(b) Th02

thortveitite (Sc,Y)2Si207

tyuyamunite Ca(UO2)2(VO4)241H20

uvanite U2V6021-15H20

xenotime(b) (Y,U)PO4

yttrofluorite Ca3YF9
titanite CaTiSiO

5
uranite(b) UO2
baddeleyite(a) Zr0

2

(a) After Ueda (1957).
(b) Primary phases which are invariably crystal-

line, even with high concentrations of uranium
and throium. Note that in some rare caaes even
these minerals have been reported as being par-
tially metamict.
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uranium or thorium. Reports of radioactive columbites are almost certainly mixtures of col-

umbite and metamict microlite (Lima-de-Faria 1964). A number of the phases (bastnaesite and

all hydrated phases) are alteration products. The primary phases that consistently occur

in crystalline form, even with high concentrations of uranium or thorium, are indicated by

asterisks.

P.4.3 Rate of Metamictization 

The rate of metamictization of a given mineral to a first approximation, depends on:

1) the inherent stability of its structure and 2) the alpha particle flux resulting from the

presence of uranium, thorium and their unstable daughter nuclides (Pabst 1952).

Pabst calculated that a minimum of 110,000 years is required for gadolinite, 0.4% Th,

to become metamict. This figure, which could be low by a factor of 1000 (Ueda 1957, Lipova

1966, Hurley and Fairbain 1953), was obtained by assuming that all of that alpha decay

energy was spent in disordering the structure and that this energy was measurable by DTA

(Pabst 1952).

Most zircons become metamict upon receiving a radiation dose of about 10
16 

a/mg

(Holland and Gottfried 1955). Using this dosage criterion, the following table gives esti-

mates of the time required for some radioactive zircons to become metamict.

Initial radionuclide content  Estimate time (yrs) 

1% Th 1.4 x 109

1% U 3.3 x 108

10% U 3.2 x 107

1% Pu236 (does not exist in nature) 2.0

There are, however, zircons and thorites (thorite has'the zircon structure and is

expected to show similar radiation effects) which show anomalous radiation effects. Some

zircons that have had radiation doses of only 2.8 x 1015 a/mg are metamict (Krasnobayev et

al. 1974). On the opposite extreme is a report of a non-metamict thorite containing 10%

uranium that is at least 1.2 x 108 years old (Hutton 1950). If this age is correct, then

the thorite specimen has withstood a radiation dose of about 9 x 1016 a/mg. These data

suggest that factors other than structural stability and alpha particle flux are important

in determining the rate of metamictization.

P.4.4 Alteration Effects 

Minerals that occur in the metamict state are often severely altered, either as a

result of hydrothermal alteration or surface weathering. The resulting complicated composi-

tional variates are in part responsible for the very complex mineral nomenclature. Most of

the available data on alteration effects pertains to various Nb-Ta-Ti oxides (Ewing 1975,

Wambeke 1970) and zircon, (Zr,U)SiO4. In both cases alteration may be extensive and fol-

lowed by recrystalliztation of phases quite different from the original pre-metamict phase

(Ewing 1974).
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For metamict, AB206-type, Nb-Ta-Ti oxides (A = REE, Fe
+2, Mn, Ca, Th, U, Pb; B = Nb,

Ta, Ti, Fe
+3 
) primary hydrothermal alteration causes a consistent increase in calcium con-

tent, generally a decrease in the uranium and thorium content, a decrease in total rare-

earth concentrations, a slight decrease in B-site cations, and an increase in structural and

absorbed water. Secondary alteration caused by weathering is similar in effect but produces

a decrease in Ca content, an increased leaching of A-site cations and a relative increase

in B-site cations. Refractive index, specific gravity and reflectance decrease with both

types of alteration, but VHN50 remains approximately constant. It is important to note that

although alteration effects in these natural materials have been carefully documented, there

are no experimental data on hydrothermal alteration effects, solubility as a function of

degree of metamictization, or the kinetics of these reactions.

There is an abundant literature on metamictization and alteration effects observed in

zircon, (Zr,U)SiO4, a phase commonly used by geologists in U/Pb radiometric dating. A sum

mary of this literature is beyond the scope of this Appendix, but it should be the subject

of future research. Discordant ages reported for metamict zircons indicate that the U/Pb

rations can be chi4nged or slightly disturbed by alteration (Krogh and Davis 1975). Labora-

tory experiments involving zircon have demonstrated that altered regions are more rapidly

dissolved by 48% hydrofluoric acid. There are some data which suggest that zircons that

have become metamict are susceptible to attack by solutions that can cause alteration (Krogh

and Davis 1975; Larsen et al. 1953). However, Mumpton and Roy (1961) have recrystallized

numerous metamict zircons by hydrothermal treatment at temperatures of 500°C and above, and

found that the Zr:Si ratio remained close to 1:1. This is an indication that neither ele-

ment was selectively dissolved. They also demonstrated that the water often found in meta-

mict zircons was molecular H20 and not the result of H+ ion exchange leaching. The data are

still too limited to draw broad conclusions regarding the effect of metamictization on solu-

bility, even for metamict zircons. Yet, at worst, this does not seem to be a major problem.

Monazite, a mineral that apparently does not metamictize, was chosen as the lanthanide and

actinide synthetic mineral in the reference scenario (see Section 3.2.1.3).
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